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Bareroot, conventional containerized, and large potted EKOgrownTM seedlings of
cherrybark oak (Quercus pagoda Raf.) and willow oak (Quercus phellos L.) were planted
on two sites located in south Mississippi. After two growing seasons, willow oak
exhibited greater survival (74.0 percent) overall when compared to cherrybark oak (70.5
percent). Bareroot seedlings had the highest survival (87.2 percent). Conventional
containerized seedlings had unacceptable survival (47.5 percent) and EKOgrownTM
seedlings had acceptable survival (82.0 percent). EKOgrownTM seedlings demonstrated
the best overall GLD growth of all planting stocks (3.9 mm respectively). Bareroot
seedlings had the second best overall GLD growth (1.5 mm) and conventional
containerized had the least amount of overall GLD growth (0.8 mm). Overall height
growth was similar for all three planting stocks. Based on an overall consideration of cost
and performance, bareroot seedlings are considered the most effective option of the two
species considered for artificial regeneration utilized in this study.
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CHAPTER I
INTRODUCTION
From the beginning of June until the end of November, coastal portions of the
eastern and southeastern United States have the greatest potential threat of winds and
floodwaters from hurricanes that form in the Atlantic Ocean Basin. Areas of land, which
include oak (Quercus spp.) dominated forests, located within the southeastern United
States, are altered severely each year due to natural disasters such as hurricanes. Oaks
have held a vital place in human culture for many centuries (Hannah 1987, Johnson et al.
2009). Uses have included wood for fuel, bark for tanning, wood strips for weaving,
timbers for shipbuilding, railroad ties, pulpwood for paper, lumber, and flooring. Oaks
are environmentally and economically important to the southern landscape (Ezell et al.
1999, Hannah 1987, Hall and Lambou 1989, Johnson et al. 2009, Moree et al. 2010).
Many animals, insects, plants, and fungi utilize oak ecosystems as habitat (Johnson et al.
2009, Moree et al. 2010). Some environmental services oaks provide include soil
conservation, cleaner air, rainfall interception, runoff reduction, and support for a variety
of wildlife species (Ezell et al. 1999, Hall and Lambou 1989, Moree et al. 2010).
Economic assets include energy savings, higher property values, and an excellent source
for a variety of forest products (Johnson et al. 2009). Damage caused by natural disasters
often result in a need to reforest those altered areas in order to restore these ecological
and economical benefits that oak forests provide.
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On August 29, 2005, Hurricane Katrina made landfall on the Gulf Coast of the
United States as a Category 3 hurricane with wind speeds averaging 177 km per hour
(Blake et al. 2011). This storm caused extensive timber damage. A high percentage of the
damage occurred in hardwood forests across Mississippi, Louisiana, and Alabama and
these areas would require artificial regeneration efforts if oaks were to be established
(Oswalt et al. 2008). Regeneration can be defined as a process by which tree seedlings
become established after a disturbance event and is considered key to sustainable forestry
(Dey et al. 2008, Schnepf and Sullivan 2016). These efforts are classified as either natural
or artificial regeneration.
Timing of regeneration actions within the rotation is critical and directly
influences success or failure of efforts. If the management objective is sustained timber
production or long-term forested habitat for wildlife, quick response timing is critical.
Postponing regeneration can permit non-tree vegetation to take over a site, making
recruitment and establishment of desired trees more difficult and expensive (Dey et al
2008, Schnepf and Sullivan 2016). Every year a stand remains understocked results in
loss of potential timber growth (Schnepf and Sullivan 2016). More importantly, delaying
regeneration can allow undesirable trees such as winged elm (Ulmus alata Michx.), red
maple (Acer rubrum L.), sweetgum (Liquidambar styraciflua L.) and other hardwood
species to dominate a site, necessitating more intense site preparation and increased cost
(Schnepf and Sullivan 2016).
Many landowners in areas affected by natural disasters desire to reestablish oaks,
and natural regeneration of an oak dominated forest typically requires prior planning and
is much more difficult compared to the establishment of other species, such as pine
2

(Pinus spp.). Due to the complexity of operations, natural regeneration of oak is often not
an option for most landowners following catastrophic disturbance. Natural regeneration
with oaks is normally a carefully planned action and is dependent on a desirable seed
source being present across the desired area. Other types of regeneration (i.e. sprouting)
are not usually reliable to fully stock future oak stands.
In most cases, artificial regeneration must be used to reforest a stand with oaks
that has been widely damaged by unforeseeable events. Artificial regeneration is the
process of establishing a new forest by planting seedlings or by direct seeding. When
artificial regeneration is the chosen method of establishment, landowners should be aware
of the more intensive practices required as well as associated costs. In most situations
such as hurricane damage, salvage harvest revenues are severely limited. Due to lack of
harvest revenue, many landowners simply cannot afford to artificially regenerate their
oak forests after natural disasters. However, many non-industrial private landowners
(NIPL) in the southern United States are able to complete artificial regeneration because
of financial aid from numerous cost-share programs.
Planning and increased costs associated with artificially regenerating hardwoods
often prove unattractive to forest landowners and result in a consideration of more
economical options. Unfortunately, alternate land use options may not provide
landowners with the same ecological benefits as an oak dominated forest (Dey et al.
2008). Therefore, it is imperative that landowners be provided with reliable information
regarding methodology for artificially regenerating oak forests in an economically
efficient manner. The overall goal of this research project is to provide landowners with
accurate information about artificial oak regeneration. Specific intentions of this project
3

are to provide information to aide in the reestablishment of oak species on disturbed sites
and to compare oak species and planting stock performance in these reforestation efforts.
Objectives
The main goal of this study is to evaluate the two-year survival and growth
performance of three different planting stocks of two species of oaks on hurricane
damaged sites. The secondary goal is to evaluate whether or not first-year seasonal
average photosynthetic rate, transpiration rate, and water use efficiency (WUE) play a
significant role in the first year, second year, and overall growth of these planting stocks
and species.
The objectives are:
I. Compare two-year survival, height growth, and groundline diameter growth of
cherrybark oak (Quercus pagoda Raf.) and willow oak (Quercus phellos L.).
II. Compare two-year survival, height, and groundline diameter growth of three
planting stocks:
a. High-quality 1-0, bareroot seedlings
b. Conventional containerized seedlings
c. Large potted EKOgrown™ seedlings
III. Determine if first growing season average seasonal photosynthetic rate,
transpiration rate, and WUE ratio is positively/negatively associated with first
year, second year, and overall groundline diameter and height growth of
seedlings.
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IV. Compare average seasonal diurnal photosynthetic rate, transpiration rate, and
water-use efficiency during the first growing season among all species, planting
stocks, and sites.

5

CHAPTER II
LITERATURE REVIEW
Impacts of Hurricane Katrina on forestland
Winds from Hurricane Katrina destroyed 20 percent of standing timber located in
affected areas. This rate increased to nearly 40 percent along the coastline (United States
Forest Service 2005). Most of this devastation occurred in parts of coastal Louisiana,
Mississippi, and Alabama. As it made landfall on August 29, 2005, it became the third
strongest storm to ever hit the U.S. (Chapman et al. 2008). The severity of damage varied
from minor branch breakage to severe trunk twisting and windthrow on an estimated 521
million trees with a 2.54 cm or greater diameter at breast height (dbh), and the storm
completely destroyed an estimated 54 million trees throughout Mississippi (Oswalt et al.
2008).
Forest inventories conducted by the USDA Forest Service estimated that potential
losses from Hurricane Katrina amounted to 48 million cubic meters of timber (United
States Forest Service 2005). Thirty-seven percent of timberland within affected areas
throughout the state of Mississippi was damaged, with an overall result of 12 million
board feet being lost (United States Forest Service 2005).
Due to the creation of large canopy gaps and dispersal of seed from light-seeded
species across the range of the hurricane, the landscape was left with open areas filled
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with less desirable species. As a result, some landowners chose to reestablish those sites
with more desirable species such as oaks using artificial regeneration.
Oak regeneration
For years, interest in regenerating and managing desirable species of hardwoods
has been increasing (Schweitzer et al. 1999). The most commonly planted species in
bottomland hardwood reforestation efforts are oaks (Hannah 1987, Schweitzer et al.
1999). Oaks are one of the most important hardwood timber groups in the eastern United
States, but can often be difficult to regenerate in the time, place, and abundance desired
(Hannah 1987).
Oaks are primarily considered moderately shade intolerant, exhibit slow response
to release in comparison to other competitors, and have delayed shoot growth during the
juvenile stage (Hodges and Gardiner 1993, Janzen and Hodges 1987, Loftis 1990).
Conservative resource allocation patterns and physiological adaptations such as early root
growth, extensive root systems, high water use efficiency, and stomatal closure only at
very low water potentials allow oaks to successfully compete on xeric sites (Hodges and
Gardiner 1993). However, these traits make oaks extremely challenging to regenerate on
nutrient rich sites due to their poor competitive ability on moist soils (Conrad 2013). As a
result, only oak seedlings that have advanced root systems will survive multiple growing
seasons of competing with light-seeded species exhibiting rapid shoot growth (Meadows
and Hodges 1997). This lack of competiveness can cause problems regenerating oaks
when mesophytic species such as American beech (Fagus grandifolia Ehrh.), blackgum
(Nyssa sylvatica Marsh.), sugar maple (Acer saccharum Marsh.), birch (Betula spp.
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Ehrh.), black cherry (Prunus serotina Ehrh.), and red maple coexist on high quality sites
(Nowacki and Abrams 2008).
Natural regeneration
Natural regeneration is the process by which germinant seedlings or sprouts are
produced by trees on or near a site (Smith 1962, Johnson 1975). Through this process,
existing trees will serve as the source of regeneration, and this will eventually develop
into the future forest stand. This method of reproduction can produce high quality stems
through high seedling density conditions that occur during establishment and can be
accomplished using seed-tree, selection, or shelterwood silvicutural systems. If needed,
some supplemental planting may be utilized in areas where natural regeneration is not
completely successful (Schnepf and Sullivan 2016). Natural regeneration of oaks is often
the best option for forest stands, but only when adequate time is available to implement
the necessary silvicultural treatments to ensure successful regeneration. Clatterbuck and
Meadows (1993) clarified that in order to have success in regenerating oaks naturally, the
following steps are required: site evaluation to determine if regeneration potential is
present, matching species to site, monitoring acorn crop, creating essential light
conditions, and selecting the appropriate harvest method. Clearcut and shelterwood
systems are considered the two most utilized silvicultural treatments used to provide the
proper amount of light to favor oak seedlings (Dey et al 2008). Although natural
regeneration utilizing the clearcut method requires sufficient advance regeneration and/or
a bumper acorn crop to be successful (Johnson 1981, Stanturf and Meadows 1994), it
remains the more cost effective of the two methods (Clatterbuck and Meadows 1993, Dey
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et al. 2008). The shelterwood cut, however, is the most dependable and flexible method
(Johnson et al. 2009).
However, there are circumstances where it is not possible to rely on natural
regeneration alone, such as after a natural disaster or afforesting a retired agriculture
field. Increasingly there are more situations arising in which the high potential for oak
regeneration failure requires use of artificial regeneration methods such as direct seeding
and planting seedlings. (Dey et al. 2008).
Artificial regeneration
Artificial regeneration is a method where seeds or seedlings are planted on the site
(Kushla 2016). Most landowners that use the clearcut silvicultural system in pine
management follow up post-harvest with prompt site preparation and tree planting
(Nyland et al. 2016). Artificially regenerating oaks is challenging for many reasons.
Adequate site preparation, proper handling/planting of seedlings, control of competing
vegetation, and browse control can all be concerns for regeneration success (Moree et al.
2010). Some of these concerns can be mitigated by using various site preparation
techniques and competition control methods (Hannah 1987). Successful regeneration is
defined as having a desirable proportion of oak planting stock reach dominant or
codominant status within the stand (Dey et al. 2008, Hannah 1987). Successful artificial
regeneration of oaks requires an understanding of site quality, species/site match,
preferred future stand conditions, size of seedlings planted, and stand treatments post
planting. Success also may be influenced by “stock-type”, which includes various sizes of
bareroot or containerized seedlings (Dey et al. 2008).
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Advances made in oak regeneration have drastically improved successful planting
results, but a level of uncertainty remains (Dey et al. 2008, Pope 1992). Artificial
regeneration of oaks can be accomplished by one or any combination of four categories:
direct seeding, planting bareroot seedlings, planting conventional containerized seedlings,
or planting large potted seedlings (Pope 1992).
Bareroot seedlings
Planting oak seedlings is a well-established and reliable method of reforestation
(Pope 1992, Allen and Kennedy 1989). One-year-old bareroot seedlings have their roots
separated from soil when the seedlings are lifted in the nursery hence the name
“bareroot” (Jacobs 2003). Bareroot seedlings are often used in reforestation because they
are lighter, easier to transport, and less expensive than conventional containerized
seedlings. Bareroot seedlings are described with numbers that correspond to the number
of years spent in either a nursery bed or as a nursery outplant (ex. 1-0). Occasionally,
nurseries will transplant a group of seedlings from the nursery bed after the first growing
season to another nursery location for a second year of growth. These seedlings are
termed 1-1 (Jacobs 2003). Dey et al. (2008) and Jacobs (2003) stated that the majority of
planted oak seedlings in the central-eastern region of the United States are bareroot
nursery stock. According to Jacobs et al. (2005) and Kennedy (1992), a high-quality 1-0
bareroot seedling will meet the following criteria: basal diameter between 6 mm and 8
mm, total height between 0.5 m and 0.7 m, and a minimum of eight first order lateral
roots (FOLR).
While bareroot seedlings have advantages, they also require careful handling
because their roots are exposed and easily damaged. The best time to plant bareroot
10

seedlings is during the dormant season when soil has a higher moisture content and
temperatures are cooler, which is generally from January through March in the South
(Kennedy 1992). High-quality bareroot seedlings will generally provide the most cost
effective option for artificial regeneration of oaks if proper handling and planting
techniques are implemented (Allen and Kennedy 1989). In addition to quality seedlings
and proper planting techniques, controlling herbaceous competition can also be important
in significantly improving bareroot seedling survival and the likelihood of successful
stand establishment (Ezell and Hodges 2002).
Conventional containerized seedlings
Containerized seedlings are grown in pots or blocks with artificial rooting media
and may be grown in either open nursery compounds or in a controlled greenhouse
environment. These seedlings are typically grown for one to two years in an individual
container, which may vary in volume and density ranging in size from very small (16.4
cubic centimeters) to very large (18.9 liters) (Jacobs 2003). Rooting media is retained
during all regeneration steps from the nursery through planting in the field and these
seedlings tend to have a more extensive fibrous root system while bareroot seedlings
often have a larger tap root. Having this undisturbed fibrous root system reduces the
chance of root damage (Humphrey et al. 1993). Current constraints to using containerized
stock in oak regeneration are primarily associated with higher costs compared to bareroot
seedlings and market availability of container seedlings (Dey et al. 2008). An important
advantage of containerized seedlings is their ability to extend the planting season (Dey et
al. 2008). This allows flexibility in planting and can reduce storage problems in coolers
often encountered when planting bareroot seedlings (Dey et al. 2008). Longer planting
11

windows may also help containerized oak seedlings encounter fewer problems on flooded
sites, as compared to bareroot seedlings or direct seeding (Dey et al. 2008).
Conventional containerized seedlings may have survival and growth advantages
in comparison to bareroot seedlings due to capacity of fibrous root systems ability to
absorb more water and retain higher levels of nutrients (Dey et al. 2004, Dey et al. 2008).
However, as is the case with 1-0 bareroot seedlings, containerized seedlings are exposed
to many of the same factors that inhibit early growth and survival such as competing
vegetation and herbivory, which can play an integral part in potentially limiting these
seedlings from reaching maturity (Dey et al. 2004).
Conventional containerized seedlings often exhibit respectable survival and initial
growth, which is critical when trying to reestablish oak stands. Johnson et al. (1984)
observed greater shoot growth, leaf area, and root elongation for containerized northern
red oak (Q. rubra L.) after one growing season compared to small or large 1-0 and 1-1
bareroot seedlings. Williams and Stroupe (2002) reported that conventional containerized
water oak (Q. nigra L.) and willow oak (Q. phellos L.) seedlings exhibited greater than
double the height growth of 1-0 bareroot seedlings after one growing season. In a study
conducted by Wilson et al. (2007) working with northern red oak in Canada, survival was
25 percent greater and positive height growth was observed in containerized seedlings in
contrast to 1-0 bareroot seedlings which had negative overall height growth due to
dieback.
Hollis (2011) reported data contradictory to studies reporting superior
performance of conventional containerized seedlings. In his study evaluating Nuttall oak
(Q.texana Buckl.) and swamp chestnut oak (Q. michauxii Nutt.), 1-0 bareroot seedlings
12

exhibited an advantage in survival and height growth over containerized seedlings during
the first and second growing seasons when pre-emergent herbaceous weed control was
applied over both planting stocks. Alkire (2011) found height growth was significantly
better for bareroot Nuttall oak and cherrybark oak EKOgrownTM seedlings as compared
to conventional containerized after one growing season. Conrad (2013) compared
bareroot and containerized seedlings and concluded that height growth for live oak (Q.
virginiana Mill.) and Nuttall oak was not significantly different after two growing
seasons. Dowdy (2015) conducted a similar study on swamp chestnut and water oak with
results that indicated height growth again was not significantly different after two
growing seasons when pre-emergent herbaceous weed control was applied both years to
both bareroot and containerized seedlings. This evidence suggests that advantages
marketed for containerized seedlings are minimized or eliminated when favorable
conditions are present for bareroot seedlings.
Large potted seedlings
Regeneration success may be vastly improved by planting large potted, big-rooted
seedlings, and by promoting early growth through fertilization, competition control, and
protection from herbivory (Howell and Harrington 2002). Based on more than two
decades of research, the Forrest Keeling Nursery in Elsberry, MO developed a culture
system, known as the Root Production Method (RPMTM) to produce large containerized
high-quality seedlings (Dey et al 2004). These seedlings were later given the tradename
EKOgrownTM. EKOgrownTM seedlings are available in 3.8L and 11.4L pot sizes.
Seedlings in the 3.8L pots average between 1.5m to 2.0m tall after one growing season in
the nursery (Conrad 2013, Haynes 2004). As compared to bareroot and conventional
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containerized, EKOgrownTM seedlings have a larger root system that allows for better
utilization of water and nutrients throughout the establishment stage (Howell and
Harrington 2002). They are reportedly more capable of adapting to negative influences
such as vegetative competition, flooding, and large mammal herbivory. It should also be
noted that EKOgrownTM seedlings have the potential to decrease or possibly eliminate
transplant shock due to their increased size and potting medium. These trees have shown
to provide increased productivity, survival, and accelerated growth rates (Dey et al. 2004,
Dey et al. 2006). Based on results from the Dey et al. (2004), large RPMTM oak seedlings
had significantly greater survival and diameter growth compared to bareroot seedlings.
However, significantly less height growth of RPMTM seedlings was reported after three
years compared to that of bareroot seedlings. The authors state that this was driven
largely by initial height loss due to cottontail rabbit (Sylvilagus floridanus Allen.)
herbivory. Average three-year height increment was negative for most species and
nursery stock types. Another advantage outlined in Dey et al. (2004) was early acorn
production from these larger RPMTM seedlings. Low acorn production was observed by
Dey et al. (2006) on a small percentage of swamp white oak (Q. bicolor Willd.) RPMTM
seedlings just one-year post planting. Early results show substantial evidence that
planting these larger potted seedlings can potentially be a successful formula for
regeneration of oaks in retired agricultural floodplains (Dey et al. 2004, Dey et al. 2006).
While there is no absolute prescription for regenerating oaks, planting this large container
stock may be one way to help ensure a sustainable component of oak is present (Dey et
al. 2006).
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Given the benefits of EKOgrownTM seedlings, there are circumstances in which
using them is not always practical. Additional cost of the larger potted seedlings as well
as the effort associated with planting them must also be considered (Howell and
Harrington 2002, Conrad 2013, Dowdy 2015, Reeves 2016, Hall 2017, Durbin 2018).
Use of these larger seedlings has increased significantly in recent years because of the
perceived advantage of having taller, more developed seedlings. However, more
evaluation is needed to determine the economic and biological potential of these more
expensive seedlings.
Herbaceous weed control
Competing vegetation is a major concern, especially in areas exhibiting
established herbaceous cover, when regenerating oaks on nutrient rich bottomland sites.
Vegetation control is most important during the initial stages of establishment (Ezell et al.
2007). Sources of non-tree competition include: broadleaf perennials and annuals, trees,
shrubs, sedges, vines and grasses. Through proper applications of herbicides, many of
these woody and herbaceous species can be controlled (Haynes 2004, Ezell 2007).
Herbaceous weed competition can cause shading, moisture stress, and nutrient limitations
which can lead to reduced growth or mortality of seedlings. Moisture limitations often
limit early seedling growth in the presence of dense competing vegetation (Ezell et al.
2007). In order for the desirable crop to reach optimal height growth and acceptable
survival rates, reducing competition is important.
Complete control of all competition may be possible, but the overall objective is
to reduce competition to a level that does not significantly impede the establishment of
seedlings. Ezell and Hodges (2002) stated that, depending on the species being planted,
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site location, and growing conditions during the first year after planting, competition
control can improve oak seedling survival from 20 percent to 80 percent or greater.
Planting high quality oak seedlings may not be sufficient to achieve desirable survival
rates without some form of herbaceous weed control (Ezell and Hodges 2002). Grebner et
al. (2003) reported that implementing some method of herbaceous weed control is an
economically sound alternative compared to the “plant and walk away” approach. Higher
planting costs, combined with longer rotations, create a scenario in which higher survival
rates are necessary to recuperate the cost of a planting operation (Ezell and Hodges
2002).
Sulfometuron methyl (Oust® XP)
Herbicide application is typically the most cost-efficient method of weed control,
but land managers must consider the species to be controlled along with the species of
crop trees being sprayed (Seifert et al. 2007). Sulfometuron methyl, the active ingredient
in Oust® XP, is a broad spectrum herbicide that offers control of many species of forbs
and grasses and is used for postplant, over-the-top application in oak plantings when
sprayed prior to bud break of oak seedlings. This herbicide is suitable for tank mixing,
and is typically applied for herbaceous weed control purposes. In addition, it is one of the
few herbicides labeled for use in oak plantations (Ezell and Catchot 1998, Ezell et al.
1999). Pre-emergent applications are most effective for controlling competition, and a
rate of 140g/ha of Oust® XP is effective for controlling susceptible species such as:
ragweed (Ambrosia spp. L.), American burnweed (Erechtites hieracifolius L.), fescue
(Festuca arundinacea Schreb.), geranium (Geranium spp. L.), bahiagrass (Paspalum
notatum Flugge.) and crabgrass (Digitaria spp. Retz.). However, it is only moderately
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effective at controlling species such as: goldenrod (Solidago spp. L.), dogfennel
(Eupatoorium capillifolium Lam.), broomsedge (Andropogon spp. L.), johnsongrass
(Sorghum halepense L.), pokeweed (Phytolacca americana L.), and is unsuccessful in
controlling most woody species (Miller 1993).
In a one-year study examining post-plant, pre-emergent applications of two rates
(140g/ha and 280 g/ha) of Oust® involving six oak species and green ash (Fraxinus
pennsylvanica Marsh.), Ezell and Catchot (1998) observed 20-25 percent increases in
survival for all species in plots that received applications of herbicide as compared to
survival in untreated areas. Both rates of herbicide resulted in excellent competition
control at 60 DAT (days after treatment). No significant differences in the percentage of
clear ground were observed until 90 DAT, when the 280g/ha rate showed a greater
residual effect (63% clear) in comparison to 33% clear for the 140g/ha treatment.
Overall, the treatments yielded good broadleaf control. The 280g/ha rate provided greater
residual control, but the 140g/ha rate was sufficient on that particular site for
establishment purposes. Trees in untreated plots (all species) averaged 60-70% survival,
while oaks in treated plots exhibited greater than 83% survival at the end of the first
growing season. No significant survival difference was observed in any comparison of
herbicide application rates. In another study by Ezell et al. (2007), the authors reported
similar results. Nuttall oak and cherrybark oak exhibited survival increases (31-44%
greater) in areas that received treatment compared to untreated areas in years that
experienced below average precipitation during the growing season. More than 80
percent average survival was recorded in treated areas in all three trials for these droughty
years (Ezell et al. 2007).
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A study conducted by Grebner et al. (2003) looked at the role competition control
plays in seedling survival and its effects on investment returns for oak plantations. The
analytical method utilized after-tax LEV (land expectation value) estimates to run a
comparative analysis on three different management regimes. The regimes incorporated
different competition control procedures that yielded different seedling survival
percentages. From a management perspective, survival less than 75 percent is considered
highly undesirable economically, and it appears that competition control is necessary in
planting areas that contain well established herbaceous cover to achieve this level of
survival. Results suggested that to control competition and maximize returns,
management regimes should incorporate herbicide applications only, despite good or bad
rainfall years after initial stand establishment. Overall, these studies provide evidence that
demonstrates the application of chemicals such as Oust® XP is an economically efficient
way of controlling herbaceous competition in newly established oak plantings.
Cherrybark oak
Cherrybark oak is one of the most highly valued red oaks in the southern United
States. Its native range occurs along the Atlantic and Gulf Coastal Plain, from
southeastern Virginia to northwestern Florida; west to eastern Texas; and north in the
Mississippi Valley to extreme parts of southeastern Oklahoma, Missouri, Illinois, and
Indiana (Burns and Honkala 1990). Cherrybark oak exhibits moderate-to-fast growth
rates and is considered as intermediate in shade tolerance (Hodges et al. 2008). This
species at maturity can range from 30 to 39 meters in height and 90 to 150 centimeters in
diameter (Burns and Honkala 1990). Occasional flooding can be tolerated during the
winter and early spring; otherwise, standing water is harmful to the health and
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development of this species (Clatterbuck and Meadows 1993). Cherrybark oak is
commonly found on well-drained loamy soils, which are located in first bottom ridges
and on well-drained terraces and colluvial sites (Burns and Honkala 1990). It performs
best where surface soil pH is acidic to moderately acidic (Burns and Honkala 1990,
Hodges et al. 2008). Acorns produced provide an important food source for wildlife
including species such as waterfowl, wild turkey, white-tailed deer, blue jay, and squirrel
(Burns and Honkala 1990, Hodges et al. 2008). The wood of cherrybark oak is strong,
heavy, and hard; it is also fairly free from knots due to the self-pruning characteristic of
this species (Burns and Honkala 1990). The timber quality is exceptional and is suitable
for manufacturing high value products such as furniture, cabinets, flooring, veneers,
factory lumber, and railroad ties (Burns and Honkala 1990, Hodges et al. 2008).
Willow oak
Willow oak exhibits a rapid growth rate and grows best in moist, alluvial soils
along streams and rivers (Hodges et al. 2008). This species is easily distinguished from
other oak species by its leaves, which are shaped like willow leaves, long and narrow
with an unlobed margin. Willow oak is native to eastern and central United States from
New Jersey south to northern Florida, and west to the southernmost points of Illinois,
Missouri, Oklahoma, and eastern Texas. Willow oak at maturity can reach 20-35 meters
in height and commonly 100 centimeters in diameter (Burns and Honkala 1990). Willow
oak is shade intolerant (Hodges et al. 2008) and is commonly found in low-lying
transitional zones between swamps and upland mesic forests of flood plains yet is
considered to be drought-tolerant (Clatterbuck and Meadows 1993). The best soils for
growth are deep, without a pan, and relatively undisturbed. They are of medium texture,
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silty or loamy, with little to no compaction along the surface. For best growth, soil pH in
the rooting zone should range from 4.5 to 5.5 (Burns and Honkala 1990). Acorns
produced by this species provide an important food source for waterfowl, wild turkey,
white-tailed deer, fox, squirrel, and small rodents. The timber is used as an important
source for making lumber and pulp. This species is not known for its high quality grade
lumber, but is exceptional for hardwood pulpwood (Burns and Honkala 1990, Hodges et
al. 2008).
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CHAPTER III
MATERIALS AND METHODS
Site description
This research project was conducted on two privately owned properties located in
southern Mississippi. The southernmost site is located in Stone County, MS,
approximately 5.1 kilometers (km) southwest of Wiggins, MS, and approximately 1.1 km
south of Highway 26 (Latitude 30°50’29.88” N, Longitude 89°11’32.42” W). The
research area is approximately 1.3 hectares (ha) in size. Soil series on this site is Smithton
fine sandy loam, which has a pH of 5.3 (USDA Web Soil Survey 2017). The site is
located in a pasture with relatively flat topography. The majority of competing vegetation
on site included: cypress panicgrass (Dichanthelium dichotomum L.), cogongrass
(Imperata cylindrical L.), and redtop panicgrass (Panicum agrostoides Spreng.). The
research area was prescribed burned in January 2017 prior to planting to increase
precision of plot demarcation and ease of planting.
The second study site is located in Lamar County, MS, approximately 5.6 km
northeast of Purvis, MS, and bordered to the west by Highway 11 (Latitude 31°11’18.62”
N, Longitude 89°22’32.94” W). The research area is approximately 1.2 ha in size. Soil
series on this site is Latonia fine sandy loam, which has a pH of 4.9 (USDA Web Soil
Survey 2017). The site has relatively flat topography with a creek bordering the northern
portion of the research area and an alluvial deposit of sand across the northwestern
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portion of the study area. The majority of competing vegetation on site included:
sweetgum (Liquidambar styraciflua L.), sassafras (Sassafras albidum Nutt.), red maple
(Acer rubrum L.), blackberry (Rubus spp. L.), greenbriar (Smilax spp. L.) winged sumac
(Rhus copallinum L.), and yaupon (Ilex vomitoria Ait.). No site preparation was needed
prior to planting on this site.
Experimental design
A randomized complete block design (RCBD) was used for both sites in this
study. Each site was divided into three replications, with each replication containing six
randomized treatments. A treatment plot is comprised of 100 seedlings of a specific
species and planting stock combination. The six treatments were as follows: 1) bareroot
cherrybark oak, 2) bareroot willow oak, 3) conventional containerized cherrybark oak, 4)
conventional containerized willow oak, 5) EKOgrownTM cherrybark oak, and 6)
EKOgrownTM willow oak. These treatment plots are the research experimental units on
which all growth, survival, and ground cover evaluations were completed.
Plot delineation
Each site had 600 seedlings per replication with a total of 3600 seedlings for the
study. Trees were planted on a 2.13m by 2.13m spacing due to study site acreage
constraints. Plots were established in January 2017 prior to planting in February 2017.
Each row was designated with rebar and aluminum tags attached to the rebar denoting the
replicate, row number, species, and planting stock. Once rebar was placed, a surveyor’s
tape was utilized to establish the planting location for seedlings, with a pin flag placed to
mark each seedling location. Specific color pin flags were used for each treatment
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(species and stock combination), and rebar at plot ends were flagged with the same color.
Thus, six colors were used to represent the six (three planting stock x two species)
treatments.
Seedling establishment
Two oak species, cherrybark and willow oak, were evaluated in this study.
Seedlings used in this study were 1-0 high quality bareroot seedlings from the
Weyerhaeuser nursery near Brookhaven, MS, conventional containerized seedlings from
Mossy Oak Nativ NurseryTM located in West Point, MS, and EKOgrownTM seedlings
grown in a Rootmaker® pot from RES Native Tree Nursery located in Montegut,
Louisiana. Bareroot seedlings cost $0.25 each, conventional containerized cost $2.00
each, and EKOgrownTM seedlings cost $15.00 each.
Bareroot seedlings were acquired one day prior to planting and stored inside an
air conditioned building overnight to keep seedlings cool until transportation to the
research area for planting. Conventional containerized seedlings were stored in a walk-in
cooler overnight after being obtained until transportation to the study area for planting.
Bareroot and conventional containerized seedlings were planted on February 11, 2017, by
Mississippi State University Graduate Research Assistants and student workers. No
culling was implemented for conventional containerized seedlings. Bareroot seedlings
were culled for quality control purposes in accordance with specific parameters including
a minimum of 0.5m in height and a minimum of eight first order lateral roots (FOLR).
While culling was allowable, no root trimming was implemented during planting. If roots
were excessively long and protruded out of the planting hole they were allowed to air
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prune. Seedling care throughout the planting day consisted of keeping seedlings shaded
to ensure root systems stayed cool and moist.
EKOgrownTM large potted seedlings were planted by a commercial planting crew
on March 7, 2017. The planting job was monitored by a Graduate Research Assistant to
help ensure proper seedling care and placement as well as overall planting quality
control.
Pre-emergent herbicide / ground cover evaluation
Herbaceous weed control application (HWC) was implemented once planting had
concluded to suppress competing herbaceous vegetation. A banded application of 210
grams of Oust® XP per sprayed (ha) was applied on February 25, 2017 over all
conventional containerized and bareroot seedlings. An 11.4L Solo® diaphragm-pump
backpack sprayer equipped with a TeeJet 8003 Visiflo® nozzle was used to apply a 1.5m
band with seedlings serving as the center of the spray swath. HWC applications were
repeated on March 2, 2018 with Oust® XP using the same 210 g/ha rate over all bareroot
and conventional containerized seedlings. EKOgrownTM did not receive HWC
application as part of their marketing hinges on a lack of need for competition control due
to their advanced root systems and greater overall total height at the time of planting.
To successfully evaluate effectiveness of the HWC applications, visual
evaluations were conducted monthly during the growing season to estimate percent
coverage of grass or broadleaf species. Bareroot and conventional containerized seedlings
represented treatment plots, whereas EKOgrownTM seedling plots were considered
control checks.
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Data collection
Survival
Survival data were recorded monthly during the first growing season in an effort
to determine if planting shock, moisture stress, or physical damage were causes of
mortality. At the end of the first and second growing seasons, survival was also recorded.
Every seedling was evaluated during these counts. This process involved scraping the
bark at the base of every stem in question to check for live tissue. Trees were considered
living if they exhibited any green leaves and/or any green vascular cambium tissue.
Growth measurements
Initial groundline diameter (GLD) and height measurements were recorded on
March 11, 2017. Height and GLD were recorded a second time to obtain first year growth
on October 5, 2017, and on October 12, 2018, at the end of the second growing season.
Trees from each treatment were omitted from analysis on the Dearman site due to those
seedlings being planted in a deposit of pure sand (aka sand blow) across all blocks. These
seedlings were planted in abnormal conditions not representative of the entire site and
would have created bias in the survival/growth data analysis. Height growth, positive or
negative, was recorded at the seedling level and was included within the statistical
analysis of the height data. Height averages reflect any occurrence of dieback, therefore
negatively affecting height growth of all willow oak species/planting stock combinations
(Table 4.17). Dieback also influenced height growth negatively for cherrybark oak
seedlings across all planting stocks on the Batson site (Table 4.20).
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Groundline diameter
Mititoyo® digital calipers were used to collect (GLD) to the nearest tenth of a
millimeter. Calipers were held level at a plane just above the ground surface, directly
above the seedlings root collar where measurements were taken. The calibration for each
caliper was checked periodically to ensure proper data collection took place.
Height
Height sticks (120 cm) were used to collect total height measurements to the
nearest whole centimeter. Total height was measured from the ground to the terminal
bud. If a seedling exhibited multiple stems, the tallest stem was measured. If dieback
occurred, it was recorded and the seedling was measured to the highest point of living
tissue. If complete dieback and resprouting occurred, it was noted and the resprout was
measured and recorded.
Physiology measurements
A LI-6400XT Portable Photosynthesis System (LI-COR Biosciences Inc. Lincoln
NE, USA) was used to measure gas exchange (carbon dioxide & water vapor) to obtain
estimates of photosynthesis (µmol CO2 m-2 s-1) and transpiration (mmol H2O m-2 s-1) rates
of selected seedlings. The ratio of photosynthetic and transpiration rate was used to
calculate water use efficiency (WUE; µmol/mmol). These data analyzed the correlation
between carbon uptake, water use, and water use efficiency to the first year, second year,
and overall growth of selected seedlings. Measurements were made at a photosynthetic
photon flux density (PPFD) of 1500 µmol m-2 s-1 from a red-blue LED light source and a
CO2 concentration of 400 parts per million (ppm). The infrared gas analyzer (IRGA)
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measures differences in CO2 and H2O concentrations between a “reference” and a
“sample” gas volume to determine how much CO2 and H2O the leaf removed and added
to the air respectively.
Measurements were taken monthly during the first growing season starting in
May and continuing until September. Two seedlings from each treatment were randomly
selected for data collection resulting in 36 trees sampled per site per visit. The same
procedure was utilized at the second site resulting in another 36 trees sampled per site per
visit. Overall, twelve trees per treatment and 72 trees total were selected for
measurements during each visit. In order to measure the same sample trees each time,
trees were marked with either a red or yellow pin flag and the specific tree number
written on the flag for identification purposes (i.e. T1-T36 per site). Measurements were
taken approximately every 1.5 hours between 6:00 a.m. to 12:00p.m. in the same order
each measurement interval. A minimum of three intervals of measurements was taken per
site during the sampling period stated above. These intervals were set in an effort to
capture the maximum photosynthetic rate of seedlings throughout that time period. After
12:00 p.m., the seedlings are at a higher risk to become more water stressed because of
rising temperatures. If dew was present on leaves during the early morning measurement
interval, leaves were dried with a paper towel prior to recording a measurement to ensure
accurate data collection. Data points were only logged once a sample’s photosynthetic
rate reached an equilibrium state.
Willow oak leaf areas were corrected because they failed to fill the IRGA
chamber. Leaves were collected from each willow oak measurement seedling. The leaves
were placed in plastic bags with each individual tree identification number written on the
27

bag. Leaves were stored in a cooler with ice while being transported back to the lab. Leaf
area was determined by scanning the leaves on a Cannon LiDE 210 flatbed scanner. Leaf
scans were then imported into ImageJ software to calculate leaf areas (cm2). If the sample
leaf filled the chamber of the IRGA when data measurements were logged, its area is
known to be 6 cm2 (area of the chamber).
Soil sampling
On-site soil samples were collected randomly across both study sites using a soil
sampler probe. Samples were analyzed for nutrient content, pH, organic matter
percentage, and texture by the Mississippi State University Extension Plant and Soil
Sciences Soil Testing Lab in Mississippi State, Mississippi on March 23, 2017. This
information was used in evaluating seedling establishment and productivity (i.e. growth).
Statistical analysis
For the growth and survival measurements, data were analyzed using Statistical
Analysis System (SAS) software version 9.4® (SAS 2013). Differences were considered
significant at α=0.05 level. PROC GLM was used to perform an analysis of variance
(ANOVA) to determine if treatments or interactions between treatments caused
differences in GLD growth, height growth, or survival of seedlings. Whenever significant
differences were detected, a multiple comparison procedure (MCP) was used, where
appropriate, to determine significance using the LSMEANS statement with the TukeyKramer method. PROC GLM, LSMEANS, and Tukey-Kramer comparisons were utilized
because sample populations were not equal due to mortality and because it accounts for
all pairwise comparisons (Salkind 2007).
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For physiological data, daily measurements were averaged in order to obtain
monthly values. Monthly values were then averaged in order to obtain seasonal values.
To compare physiology with growth, data were analyzed using the “lm” function in R.
version 3.4.3. statistical package. In order to determine if physiology was related to
growth, linear regressions were used to determine if seasonal average photosynthetic rate,
transpiration rate, and WUE ratios were statistically correlated with first year, second
year, and overall height and GLD growth. These parameters were tested across sites,
species, and planting stocks. Relationships were considered significant if their p-value
was <0.05.
To compare physiological parameters across species and planting stocks for each
month, the “nlme” package (linear mixed effect model) in R. version 3.4.3 was used to
determine if statistically significant differences in photosynthetic rate, transpiration rate,
and water use efficiency occurred among species-planting stock combinations. Species
and planting stock were classified as fixed effects and replicate and sites were classified
as random effects. Pairwise comparisons were performed in R. version 3.2.3. using the
“multcomp” package and Tukey HSD adjustments. Differences were considered different
at α=0.05.
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CHAPTER IV
RESULTS AND DISCUSSION
Survival comparison
Analysis of variance
Analysis of variance (ANOVA) was utilized to determine if the effects of site,
species, and planting stock were statistically significant for survival (Table 4.1). The
main effects of planting stock, site, species/planting stock interaction, planting stock/site
interaction, and species/planting stock/site interaction were all statistically significant for
survival after the 2018 growing season. ANOVA testing is limited to reporting
significance among groups and further testing is required to determine significance
within groups, therefore a Tukey-Kramer multiple comparisons procedure (MCP) was
performed, where appropriate. Results from ANOVA analysis for each main effect or
interaction are explained subsequently under the corresponding heading. Because all
interactions of main sources were significant for survival, Tukey-Kramer comparisons
were not appropriate, but treatment means did show notable trends.
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Table 4.1

ANOVA results for survival by year.
Growing Season
2017

Source
(A) Species
(B) Stock
(C) Site
A*B
B*C
A*C
A*B*C

DF
1
2
1
2
2
1
2

F
0.61
349.81
53.27
17.42
34.72
0.75
4.08

2018
P>F
0.4343
<.0001
<.0001
<.0001
<.0001
0.3850
0.0169

F
6.61
345.00
18.61
24.63
49.26
6.19
4.90

P>F
0.0102
<.0001
<.0001
<.0001
<.0001
0.0129
0.0075

Survival and precipitation during first growing season
Seedling survival was evaluated monthly during the first growing season of this
two-year study. Survival was recorded during the second week of each month during the
first growing season. Precipitation data for counties in which the study sites were located
was obtained from the U.S. National Oceanic and Atmospheric Administration (NOAA
2018). The rainfall data were used to help determine if transplant shock or precipitation
quantity had an impact on seedling survival.
Monthly average precipitation by county during the first growing season
Precipitation during the 2017 growing season was similar across both areas of
interest (Table 4.2) and comparable to monthly averages in the area (NOAA 2018).
During the month of June, sites received precipitation well above the long-term average.
Rainfall averages were above the long-term average for both counties during May, June,
July, August, and October. Rainfall was observed as below the long-term average during
the months of April and September for both counties. Stone County (Batson site)
received more rainfall (cm) than Lamar County (Dearman site) during the first growing
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season. Even though some months did experience below the average rainfall events,
precipitation was not considered lacking to the point of causing excessive mortality
throughout this study.
Table 4.2

Monthly precipitation by county where each site is located during the 2017
growing season and long-term regional precipitation (cm).

Site
April May
June
July
Aug.
Sept.
Dearman Site
11.9
26.0
35.5
17.7
23.0
2.9
Batson Site
11.8
24.3
45.5
19.8
28.1
3.7
Long-Term Average**
12.9
12.4
12.1
16.6
13.2
11.0
**20th Century Average Mississippi Climate Division Nine (NOAA 2018)

Oct.
8.5
17.5
7.6

Monthly survival during the first growing season
Survival was low for conventional containerized seedlings of both species on both
sites in this study. Poor survival was noticed early in the growing season especially on the
Dearman site where 17 percent of cherrybark and 13 percent of willow oak failed to
break bud one-month post planting (Table 4.3). Conventional containerized survival fell
to 67-72 percent by May on the Dearman site and to 85 percent on the Batson site. Over
the next five months, survival of conventional containerized seedlings across both sites
declined to 42 percent for cherrybark oak and 56 percent for willow oak, which is
considered unacceptable to land managers when a commercially viable timber stand is
the main objective for the property. A difference in survival between sites regarding
conventional containerized seedlings was observed during the first growing season and
the exact cause for this is unknown. Batson site conventional containerized seedlings
displayed higher survival for this planting stock. It is plausible the seedlings were
damaged/weakened by unusually low temperature events coupled with a lack of
sufficient protection at the nursery, therefore causing seedlings to be more susceptible to
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on site post planting environmental conditions. When comparing survival percentages for
all treatments utilized in the study, it is possible that the Dearman site was simply harsher
than the Batson site, therefore causing the survival difference between sites observed,
especially regarding conventional containerized planting stock. It is possible that
conventional containerized seedlings had less stored carbon to survive utilize compared
to the other two planting stocks. Survival differences may have potentially been caused
by higher sand content (20% difference) and lower precipitation on the Dearman site in
comparison to the Batson site. The higher sand content may have caused the Dearman
site to dry out quicker in conjunction with the lower amount of rainfall received during
the first growing season causing higher seedling mortality due to lower soil moisture
content. The Batson site had a lower sand content and higher precipitation when
compared to the Dearman site. The lower sand content would have caused the Batson site
to potentially retain more soil moisture in conjunction with receiving more precipitation
during the first growing season resulting in less seedling mortality. All of these
abovementioned explanations would aid in explaining the difference in survival between
sites during the first growing season and the survival differences observed regarding
conventional containerized seedlings on each site.
While some mortality of EKOgrownTM seedlings occurred, overall survival was
acceptable. By October, EKOgrownTM cherrybark oak survival was 84 percent across
both sites while EKOgrownTM willow oak had a similar response with 90 percent survival
(Table 4.3).
Although total control of herbaceous weeds was not achieved in some areas,
bareroot seedlings competed exceptionally well over the duration of the first growing
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season. Across sites, survival of bareroot cherrybark oak (94%) was higher than willow
oak (84%). Similar survival was observed across sites for each treatment with the
exception of conventional containerized seedlings.

Table 4.3

Batson

Dearman

Site

Monthly survival per treatment by site during the first growing season.
Treatment

Bareroot cherrybark oak
Bareroot willow oak
Cont. cherrybark oak
Cont. willow oak
EKOTM cherrybark oak
EKOTM willow oak
Bareroot cherrybark oak
Bareroot willow oak
Cont. cherrybark oak
Cont. willow oak
EKOTM cherrybark oak
EKOTM willow oak

April May June July Aug. Sept. Oct.
----------------------Percentage--------------------99
99
98
97
97
96
90
95
90
88
85
82
82
77
83
72
53
49
42
38
36
87
67
54
53
51
50
47
100
99
99
98
98
97
88
99
97
97
97
96
95
90
99
99
99
99
98
98
98
96
94
94
94
94
91
91
93
85
76
72
68
62
62
96
85
75
71
65
64
64
100
99
96
90
81
80
80
100
98
97
97
95
90
90

Soil Nutrient and Texture Analysis
The Batson site had higher concentrations for four out of the five elements tested
(P, Ca, Mg, Zn) (Table 4.4). Both sites had pH values that are considered acidic and
within the acceptable range for these species (Batson site= 5.3, Dearman site= 4.9).
Percent organic matter differed dependent upon the site (Batson site=1.6 percent,
Dearman site=2.0 percent).
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Table 4.4

Nutrient content and pH level by site.
P

Site

K

Ca

Mg

Zn

-----------------Kilograms per Hectare-----------Dearman Site
15
58
29
0.11
109
Batson Site
20
37
43
0.33
182
*OM=Organic matter

pH

OM*

4.9
5.3

Percent
2.0
1.6

Sand, silt, and clay composition at the Dearman site (62.0 percent, 26.0 percent,
and 12.0 percent, respectively) was comparable to the Batson site (42.0 percent, 44.0
percent, and 14.0 percent, respectively) (Table 4.5). The Dearman site was classified as a
sandy loam, whereas the Batson site was classified as a loam.

Table 4.5

Soil texture and percent sand, silt, and clay by site.

Site

Sand

Dearman Site
Batson Site

Silt
Clay
-------------Percent------------62.0
26.0
12.0
42.0
44.0
14.0

Texture
Sandy Loam
Loam

Survival variation between species
In an overall comparison, willow oak seedlings had slightly greater survival than
cherrybark oak seedlings season (76.5 percent and 75.5 percent, respectively) when both
sites and all planting stocks were considered (Table 4.6). Both overall averages were
reduced by the low survival of the conventional containerized seedlings (Table 4.3). At the
end of the second growing season, willow oak seedlings had greater survival than
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cherrybark oak seedlings (74.0 percent and 70.5 percent, respectively) when both sites and
all planting stocks were considered.

Table 4.6

Survival by species at the end of each growing season. (Both sites and all
planting stocks)
End of Growing Season

Species

2017
2018
---------Percent--------75.5
70.5
76.5
74.0

Cherrybark oak
Willow oak

Survival variation among planting stocks
At the end of each growing season, bareroot seedlings demonstrated greater
survival (89.0 percent in 2017, 87.2 percent in 2018) compared to conventional
containerized (52.1 percent in 2017, 47.5 percent in 2018) and EKOgrownTM seedlings
(87.0 percent in 2017, 82.0 percent in 2018) when both sites and species were considered
(Table 4.7). During the first growing season, bareroot seedling survival (89.0 percent) was
slightly higher, but not substantially different from the EKOgrownTM seedlings survival
(82.0 percent). Conventional containerized seedling survival was much lower than the
other two planting stocks and exhibited the lowest survival percentage (52.1 percent)
(Table 4.7).
During the second growing season, bareroot seedling survival (87.2 percent) was
higher than all other planting stocks (Table 4.7). EKOgrownTM seedling survival (82.0
percent) was considerably less than the bareroot seedlings, but substantially higher than the
conventional containerized seedlings (47.5 percent), which exhibited the greatest mortality.
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Table 4.7

Survival by planting stock at the end of each growing season. (Both sites
and both species)
End of Growing Season

Planting Stock

2017
2018
----------Percent----------

Bareroot
Conventional containerized
EKOgrownTM

89.0
52.1
87.0

87.2
47.5
82.0

Survival variation between sites
Survival at the Batson site was considerably greater than the Dearman site at the
end of both growing seasons (Batson= 80.7 percent and 75.1percent, Dearman=71.3 and
69.3 percent) (Table 4.8).

Table 4.8

Survival by site at the end of each growing season. (All planting stocks
and both species)
End of Growing Season

Site

2017
2018
---------Percent-------71.3
69.3
80.7
75.1

Dearman Site
Batson Site

Survival variation by species and planting stock interaction
ANOVA for survival revealed that a significant interaction between species and
planting stock occurred during the first growing season (F= 17.42, p < 0.0001) and the
second growing season (F=24.63, p < 0.0001) (Table 4.1). This analysis revealed that both
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species and planting stock contributed to significant differences. MCP analysis was used,
when appropriate, to determine which interactions were significant.
No substantial difference in survival was evident between species of EKOgrownTM
seedlings at the end of the first (cherrybark oak “CBO”= 84.0 percent, willow oak “WIO”
= 90.0 percent) or second (CBO= 76.6 percent, WIO= 87.3 percent) growing seasons
(Table 4.9). Conventional containerized seedlings of both species exhibited the lowest
survival at the end of the first (CBO = 48.8 percent, WIO = 55.5 percent) and second (CBO
= 42.8 percent, WIO = 52.3 percent) growing seasons. Survival of conventional
containerized seedlings of both species was considerably less than any other treatments
utilized in the study. Bareroot seedlings of both species displayed the overall best survival
at the end of the first growing season, but were substantially different from one another
(CBO = 93.8 percent, WIO = 84.1 percent) as well as the end of the second growing season
(CBO = 92.1 percent, WIO = 82.3 percent) when both sites were considered. Although
survival of bareroot willow oak seedlings was slightly lower than EKOgrownTM willow
oak seedlings in both growing seasons, they were not meaningfully different.
During the first growing season, bareroot cherrybark oak seedlings exhibited the
overall highest survival (93.8 percent), which was greater than all other treatments with the
exception of EKOgrownTM willow oak seedlings (90.0 percent) (Table 4.9). EKOgrownTM
willow oak seedlings (90.0 percent), EKOgrownTM cherrybark oak seedlings (84.0
percent), and bareroot willow oak seedlings (84.1 percent) were all rather similar, but had
higher survival percentages than conventional containerized cherrybark oak seedlings
(48.8 percent) and conventional containerized willow oak seedlings (55.5 percent).
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Conventional containerized willow oak seedling survival was less than all other treatments
(55.5 percent), excluding conventional containerized cherrybark oak (48.8 percent) of
which it was greater.
During the second growing season, bareroot cherrybark oak seedlings exhibited the
overall highest survival (92.1 percent) which was considerably different from all other
treatments with the exception of EKOgrownTM willow oak seedlings (87.3 percent) (Table
4.9). Bareroot willow oak seedling and EKOgrownTM cherrybark oak seedling survival
(82.3 and 76.6 percent, respectively) was acceptable and did not differ. Conventional
containerized willow oak seedlings exhibited the second lowest overall survival, which
was extensively different from all other treatments (52.3 percent). Conventional
containerized cherrybark oak seedlings displayed the lowest overall survival (42.8 percent)
when both sites and all treatments were considered.

Table 4.9

Survival by species and planting stock at the end of each growing season.
(Both sites)

Species/Planting Stock
Cherrybark oak Bareroot
Cherrybark oak Conventional Containerized
Cherrybark oak EKOgrownTM
Willow oak Bareroot
Willow oak Conventional Containerized
Willow oak EKOgrownTM

End of Growing Season
2017
2018
-----------Percent--------93.8
92.1
48.8
42.8
84.0
76.6
84.1
82.3
55.5
52.3
90.0
87.3

Survival variation by planting stock and site interaction
ANOVA for survival revealed a significant interaction between planting stock and
site during the first growing season (F = 34.72, p < 0.0001) and the second growing season
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(F= 49.26, p <.0001) (Table 4.1). This analysis revealed that both planting stock and site
contributed to significant differences. MCP analysis was used to determine which
interactions were significant, when appropriate.
Conventional containerized seedlings on both sites exhibited the lowest survival
during the first growing season (Dearman = 41.3 percent, Batson = 63.0 percent) and the
second growing season (Dearman = 38.5 percent, Batson = 56.6 percent) (Table 4.10).
Survival of EKOgrownTM seedlings on both sites was intermediate throughout the duration
of this study (Dearman = 89.1 percent, Batson = 84.8 percent) and the second growing
season (Dearman = 88.3 percent, Batson = 75.6 percent). When both species were
considered, bareroot seedling survival was highest on both sites after the first growing
season (Dearman = 83.6 percent, Batson = 94.3 percent) and after the second growing
season (Dearman = 81.3 percent, Batson = 93.1 percent).
During the first growing season, bareroot seedlings on the Batson site exhibited the
overall highest survival (94.3 percent), which was very different from all other treatments
except for the EKOgrownTM seedlings on the Dearman site (89.1 percent) (Table 4.10).
EKOgrownTM seedlings on the Dearman site (89.1 percent), EKOgrownTM seedlings on the
Batson site (84.8 percent), and bareroot seedlings on the Dearman site (83.6 percent) were
similar, but had substantially higher survival percentages than conventional containerized
seedlings on both sites. Conventional containerized seedling survival on the Batson site
was less than all bareroot and EKOgrownTM treatments, but greater than the conventional
containerized seedlings on the Dearman site (63.0 percent and 41.3 percent, respectively).
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During the second growing season, bareroot seedlings on the Batson site exhibited
the overall highest survival (93.1 percent), which was very different from all other
treatments except for EKOgrownTM seedlings on the Dearman site (88.3 percent) (Table
4.10). Survival of EKOgrownTM seedlings on the Batson site (75.6 percent) and bareroot
seedlings on the Dearman site (81.3 percent) was not considerably different, but was higher
than conventional containerized seedlings on both sites. Survival of conventional
containerized seedlings on the Batson site was less than that of bareroot and EKOgrownTM
treatments, but greater than that of the conventional containerized seedlings on the
Dearman site (56.6 percent and 38.5 percent, respectively).

Table 4.10 Survival by planting stock and site at the end of each growing season.
(Both species)
End of Growing Season
Planting Stock/Site

2017
2018
--------Percent-------83.6
81.3
94.3
93.1
41.3
38.5
63.0
56.6
89.1
88.3
84.8
75.6

Bareroot Dearman Site
Bareroot Batson Site
Conventional Containerized Dearman Site
Conventional Containerized Batson Site
EKOgrownTM Dearman Site
EKOgrownTM Batson Site
Survival variation by species and site interaction

ANOVA for survival revealed no significant interaction between species and site
during the first growing season (F = 0.75, p < 0.3850), but a significant interaction was
revealed during the second growing season (F =6.19, p < 0.0129) (Table 4.1). This analysis
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revealed that both species and site contributed to significant differences. MCP analysis was
utilized to determine which interactions were significant, when appropriate.
No extensive difference in survival was detected between cherrybark oak seedlings
on the Dearman site (71.4 percent) and willow oak seedlings on the Dearman site (71.3
percent) during the first growing season (Table 4.11). Survival at the end of the first
growing season was observed to be greatest for Batson site willow oak seedlings (81.7
percent), but this was not different from cherrybark oak seedlings on the Batson site (79.6
percent) when all planting stocks were considered. However, Batson site willow oak and
cherrybark oak seedling survival was considerably greater from both cherrybark oak and
willow oak at the Dearman site after the first growing season.
At the end of the second growing season, Batson site willow oak seedlings had the
greatest survival (78.5 percent), which was considerably greater than all other treatments
shown below. No survival difference was detected between cherrybark oak seedlings on
the Batson site (71.7 percent), willow oak seedlings on the Dearman site (69.4 percent), or
cherrybark oak seedlings on the Dearman site (69.3 percent) at the end of the study (Table
4.11).

Table 4.11 Survival by species and site at the end of each growing season. (All
planting stocks)
End of Growing Season
2017
2018
----------Percent---------71.4
69.3
79.6
71.7
71.3
69.4
81.7
78.5

Species/Site
Cherrybark oak Dearman Site
Cherrybark oak Batson Site
Willow oak Dearman Site
Willow oak Batson Site
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Survival variation by treatment and site interaction
ANOVA for survival revealed significant interactions among species, planting
stock, and site at the end of the first growing season (F = 4.08, p < 0.0169) and the second
growing season (F = 4.90, p < 0.0075) (Table 4.1). This analysis revealed that both
treatment and site contributed to significant differences. MCP analysis was utilized to
determine which interactions were significant, when appropriate.
Bareroot cherrybark oak seedling survival on the Batson site was the overall highest
at the end of the first growing season (97.6 percent). This treatment was not substantially
different from bareroot cherrybark oak seedlings on the Dearman site (90.0 percent),
EKOgrownTM cherrybark oak seedlings on the Dearman site (88.3 percent), bareroot
willow oak seedlings on the Batson site (91.0 percent), EKOgrownTM willow oak seedlings
on the Dearman site (90.0 percent), or EKOgrownTM willow oak seedlings on the Batson
site (90.0 percent) (Table 4.12). Conventional containerized cherrybark oak seedlings and
conventional containerized willow oak seedlings on the Dearman site had the lowest
survival at the end of the first growing season (36.0 percent and 46.6 percent, respectively).
In comparison, conventional containerized willow oak seedlings on the Dearman site
exhibited less survival than all other treatments, but greater than the conventional
containerized cherrybark oak seedlings on the Dearman site (46.6 percent and 36.0 percent,
respectively).
Bareroot cherrybark oak seedlings on the Batson site exhibited the overall highest
survival at the end of the second growing season (96.0 percent). This treatment was not
notably different from bareroot cherrybark oak seedlings on the Dearman site (88.3
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percent), EKOgrownTM cherrybark oak seedlings on the Dearman site (87.0 percent),
bareroot willow oak seedlings on the Batson site (90.3 percent), or EKOgrownTM willow
oak seedlings on the Dearman site (89.6 percent). EKOgrownTM cherrybark oak seedlings
on the Batson site, bareroot willow oak seedlings on the Dearman site, and EKOgrownTM
willow oak seedlings on the Batson site all demonstrated intermediate survival (66.3
percent, 74.3 percent, and 85.0 percent, respectively). Conventional containerized stock on
the Dearman site had the overall worst survival (CBO=32.6 percent and WIO=44.3
percent, respectively) during the second growing season. Conventional containerized stock
on the Batson site exhibited slightly higher survival (CBO=53.0 percent and WIO=60.3
percent, respectively). (Table 4.12).

Table 4.12 Survival by treatment and site at the end of each growing season.

Willow oak

Cherrybark oak

Species

Planting Stock/Site
Bareroot Dearman Site
Bareroot Batson Site
Conv. Containerized Dearman Site
Conv. Containerized Batson Site
EKOgrownTM Dearman Site
EKOgrownTM Batson Site
Bareroot Dearman Site
Bareroot Batson Site
Conv. Containerized Dearman Site
Conv. Containerized Batson Site
EKOgrownTM Dearman Site
EKOgrownTM Batson Site
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End of Growing Season
2017
2018
---------Percent---------90.0
88.3
97.6
96.0
36.0
32.6
61.6
53.0
88.3
87.0
79.6
66.3
77.3
74.3
91.0
90.3
46.6
44.3
64.3
60.3
90.0
89.6
90.0
85.0

Survival comparison discussion
Survival remained high throughout the month of June during the first growing
season for all planting stock/species combinations with the exception of conventional
containerized stock, indicating a lack of survival resulting from transplant shock. Previous
studies have shown greatest mortality for seedlings results from planting stress (Vyse 1981,
Waters et al. 1991). However, results indicate that seedling transport and planting quality
were not problematic in this study. Exceptional survival of bareroot seedlings in this study
can be accredited to proper planting and the use of high quality seedlings. These results are
consistent with outcomes from two similar early growth and survival performance studies
by Dowdy (2015) and Durbin (2018), which reported that two species of bareroot seedlings
exhibited superior survival when compared to conventional containerized and large potted
planting stocks.
Conventional containerized seedling survival for both species declined at a higher
rate when compared to the other two planting stocks over two growing seasons. This sharp
decline in survival started during May of the first growing season and could be due to a
combination of causes. It seems plausible that seedlings were damaged/weakened by
unusually low temperature events coupled with lack of sufficient protection at the nursery
therefore, causing seedlings to be more susceptible to on site environmental conditions
over the course of two growing seasons. (Table 4.3).
Although the cause of decreased survival cannot be determined without further
investigation, these results are comparable to a study by Reeves (2016) who reported
freeze damage when both Nuttall oak (Quercus texana Buckl.) and Shumard oak
(Quercus shumardii Buckl.) conventional containerized seedlings experienced almost
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complete failure to break bud. Hall (2017) also reported similar results of poor survival of
Nuttall oak and Shumard oak conventional containerized seedlings when approximately
30 percent of the seedlings failed to break bud. Conventional containerized seedlings for
this study were obtained from the same nursery used by Reeves (2016) and Hall (2017).
Similarly, these seedlings were exposed to unusually low temperatures during the winter
prior to planting.
While some mortality of EKOgrownTM seedlings occurred, overall survival was
acceptable and, in certain cases, was not substantially different from bareroot planting
stock. Overall, greatest survival in this study was exhibited by bareroot seedlings,
followed by EKOgrownTM and conventional containerized seedlings (Table 4.7).
Survival between the two species remained relatively close throughout the study. After
one growing season, neither species displayed very different survival percentages. After
two growing seasons, willow oak seedlings displayed greater survival when compared to
cherrybark oak seedlings (Table 4.6). Below average overall survival for the seedlings
planted in this study can be partially attributed to the high mortality of conventional
containerized seedlings (Table 4.10).
When comparing the two sites, survival of the two species was superior on the
Batson site. This may have resulted from the Batson site having better soil texture, higher
nutrient content, higher first growing season precipitation, and higher water holding
capacity compared to the Dearman site. This variation in survival was likely due to
harsher site conditions and soils present on the Dearman site compared to the Batson site.
Overall, survival between the two sites was acceptable with the exception of the
conventional containerized planting stock (Table 4.10).
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Height growth comparison
Analysis of variance
ANOVA was utilized to determine if the effects of site, species, and planting stock
were statistically significant for average height growth-hereafter referred to as height
growth (Table 4.13). The effects of species, planting stock, and site, along with
species/planting stock interaction, species/site interaction, and species/planting stock/site
interaction, were all statistically significant during 2017, whereas some factors were not
during 2018 and overall for average height growth. ANOVA testing is limited to reporting
significance among groups and further testing is required to determine significance within
groups, therefore a Tukey-Kramer multiple comparisons procedure (MCP) was performed,
where appropriate. Results from ANOVA analysis for each main effect or interaction are
explained subsequently under the corresponding heading. Because all interactions of main
factors were significant for height, Tukey-Kramer comparisons were not appropriate, but
treatment means did show notable trends.

Table 4.13 ANOVA results for average height growth by year and overall.

Source
(A)Species
(B) Stock
(C) Site
A*B
B*C
A*C
A*B*C

DF
1
2
1
2
2
1
2

Growing Season
2017
2018
F
P>F
F
P>F
56.70
<.0001
11.30
0.0008
24.51
<.0001
10.74
<.0001
62.02
<.0001
6.98
0.0083
5.11
0.0061
2.05
0.1290
3.10
0.0454
3.06
0.0473
5.54
0.0186
10.59
0.0011
6.92
0.0010
4.61
0.01
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Overall
F
P>F
63.84
<.0001
1.66
0.1901
63.59
<.0001
1.62
0.1981
0.21
0.8110
21.57
<.0001
11.43
<.0001

Height growth variation between species
ANOVA showed an effect of species on height growth during the first growing
season (F = 56.70, p < 0.0001), the second growing season (F = 11.30, p = .0008), and
overall (F =63.84, p < .0001) (Table 4.13).
Cherrybark oak seedlings exhibited greater height growth compared to willow oak
seedlings during the first growing season (CBO = 0.3cm, WIO = -4.1cm), the second
growing season (CBO = 0.7cm, WIO = -2.1cm), and overall (CBO = 0.90cm, WIO =
-6.25cm) (Table 4.14). Cherrybark oak nutrient allocation patterns have been well
documented throughout the literature (Friend et al. 1994, Dey et al 2008). The species tends
to partition nutrients below ground into root systems during the first few growing seasons
post planting. This inherent tendency helps explain the small amount of aboveground
height growth (0.3cm) exhibited by cherrybark seedlings throughout the first growing
season. Willow oak seedlings exhibited less height growth (-4.1cm) compared to
cherrybark oak during the first growing season. These seedlings exhibited severe dieback
during the first growing season likely caused by physiological stress or actual physical
damage. Minor dieback was observed on cherrybark oak seedlings during the first growing
season. These same patterns were observed throughout the duration of this two-year study,
thus resulting in the negative height growth observed for willow oak seedlings.
The same trend was observed during the second growing season with cherrybark
oak seedlings demonstrating greater height growth compared to willow oak seedlings
(CBO=0.7cm, WIO= -2.1cm). Willow oak seedlings experienced extreme dieback during
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the second growing season. Overall, cherrybark seedlings demonstrated greater height
growth (0.9cm), while the willow oak seedlings exhibited (-6.3cm) of height growth.

Table 4.14 Average height growth by species, growing season, and overall. (Both Sites
and all (planting stocks)*
Growing Season
Species

2017

2018
Overall**
----------Centimeters--------Cherrybark oak
0.3
0.7
0.9
Willow oak
-4.1
-2.1
-6.3
*Averages include any dieback that may have occurred.
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
Height growth variation among planting stocks
ANOVA revealed an effect of planting stock on height growth during the first
growing season (F = 24.51, p < 0.0001), the second growing season (F = 10.74, p < .0001),
but not overall (F = 1.66, p = 0.1901) (Table 4.13).
Height growth was greatest for EKOgrownTM seedlings during the first growing
season (0.8cm). While not very different from each other, both bareroot and conventional
containerized seedlings revealed negative height growth (-4.0cm and -2.4cm, respectively)
(Table 4.15). This negative height growth during the first growing season can be attributed
to seedlings exhibiting severe dieback. In addition, EKOgrownTM seedlings have a large
established root system prior to planting, therefore enabling greater allocation of more
nutrients to height/GLD growth during the first growing season. In comparison, bareroot
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seedlings allocate more resources below ground for root establishment during the first
growing season, therefore limiting above ground height/GLD growth.
After two growing seasons, height growth was greatest overall for conventional
containerized seedlings (1.4cm), but this was not considerably different from bareroot
seedlings (0.4cm). EKOgrownTM seedlings exhibited less height growth (-3.9cm) than the
other two planting stocks. Negative height growth during the second growing season can
be attributed to observed dieback in EKOgrownTM seedlings. Top breakage of
EKOgrownTM seedlings during the second growing season resulted in the negative height
growth mentioned above. Overall, total height growth for all three planting stocks bareroot,
conventional containerized, and EKOgrownTM seedlings was not substantially different
from one another (-3.5cm, -0.8cm, and -3.6cm, respectively).

Table 4.15 Average height growth by planting stock, growing season, and overall.
(Both sites and both species)*
Growing Season
Planting Stock

2017
2018
Overall**
-----------Centimeters----------Bareroot
-4.0
0.4
-3.5
Conventional containerized
-2.4
1.4
-0.8
TM
EKOgrown
0.8
-3.9
-3.6
*Averages include any dieback that may have occurred.
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
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Height growth variation between sites
ANOVA revealed a significant site effect on height growth during the first growing
season (F = 62.02, p < 0.0001), the second growing season (F = 6.98, p = 0.0083), and
overall (F = 63.59, p < .0001) (Table 4.13). This analysis revealed that site contributed to
significant differences. MCP analysis was used to determine which interactions were
significant, when appropriate.
Height growth of seedlings on the Dearman site was greater than that of seedlings
on the Batson site during the first growing season (Batson = -4.2cm, Dearman = 0.5cm),
the second growing season (Batson= -2.1cm, Dearman = 0.7cm) as well as overall (Batson
= -1.6cm, Dearman = 1.3cm) (Table 4.16).

Table 4.16 Average height growth by site, growing season, and overall. (All planting
stocks and both species)*
Growing Season
Site

2017

2018
Overall**
----------Centimeters--------Dearman Site
0.5
0.7
1.3
Batson Site
-4.2
-2.1
-6.7
*Averages include any dieback that may have occurred.
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.

Height growth variation by species and planting stock interaction
ANOVA for height growth revealed differences between species and planting stock
during the first growing season (F = 5.11, p = 0.0061), but not for the second growing
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season (F = 2.05, p = 0.1290), or overall (F =1.62, p = 0.1981) (Table 4.13). This analysis
revealed that both species and planting stock contributed to significant differences. MCP
analysis was used to determine which interactions were significant when appropriate.
During the first growing season, EKOgrownTM cherrybark oak seedlings displayed
the greatest height growth (2.4cm), which was greater than all other treatments except
bareroot cherrybark oak seedlings (-0.1cm) (Table 4.17). Conventional containerized
cherrybark oak seedlings (-1.1cm), bareroot cherrybark oak seedlings (-0.1cm), and
EKOgrownTM willow oak seedlings (-0.7cm) all exhibited negative height growth and were
similar to one another. Conventional containerized willow oak seedlings also exhibited
negative height growth (-3.8cm), which was not different from conventional containerized
cherrybark oak seedlings or EKOgrownTM willow oak seedlings (-1.1cm and -0.7cm,
respectively). However, all were greater than bareroot willow oak seedlings, exhibiting the
least overall height growth (-7.8cm) during the first growing season.
During the second growing season, conventional containerized cherrybark oak
seedlings displayed the greatest positive height growth (2.6cm), but did not differ from
other treatments except EKOgrownTM willow oak seedlings (-6.3cm) and these seedlings
exhibited substantially lower height growth than any other treatment.
Overall, conventional containerized cherrybark seedlings exhibited the greatest
height growth (1.4cm) over both growing seasons, but were not greater than bareroot
cherrybark oak seedlings (0.8cm) or EKOgrownTM cherrybark oak seedlings (1.0cm).
Bareroot willow oak seedlings exhibited the least height growth (-8.0cm) resulting from
severe dieback over both growing seasons. However, this species/planting stock treatment
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was not different from conventional containerized willow oak seedlings or EKOgrown TM
willow oak seedlings (-3.1cm and -7.5cm, respectively).
Table 4.17 Average height growth by species and planting stock per growing season
and overall. (Both sites)*
Growing Season
Species/Planting Stock

2017
2018
Overall**
--------------Centimeters--------------Cherrybark oak Bareroot
-0.1
1.1
0.8
Cherrybark oak Conventional Containerized
-1.1
2.6
1.4
TM
Cherrybark oak EKOgrown
2.4
-1.4
1.0
Willow oak Bareroot
-7.8
-0.2
-8.0
Willow oak Conventional Containerized
-3.8
0.2
-3.1
Willow oak EKOgrownTM
-0.7
-6.3
-7.5
*Averages include any dieback that may have occurred.
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
Height growth variation by planting stock and site interaction
ANOVA for height growth revealed significant differences between planting stocks
and sites during the first growing season (F = 3.10, p = 0.0454) and the second growing
season (F = 3.06, p =0.0473), but not overall (F = 0.21, p = 0.8110) (Table 4.13). This
analysis revealed that both planting stock and site contributed to significant differences.
MCP analysis was used to determine which interactions were significant, where
appropriate.
The least amount of height growth during the first growing season (-6.2cm) was
exhibited by Batson site bareroot seedlings (Table 4.18). When compared to EKOgrownTM
seedlings at the Dearman site (4.4cm), Batson site EKOgrownTM seedlings averaged less
height growth (-2.7cm) during the first growing season. Height growth of Batson site
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conventional containerized seedlings (-3.8cm) was also less than conventional
containerized seedlings planted on the Dearman site (-1.1cm) during the first growing
season. Bareroot seedlings planted on the Dearman site exhibited intermediate height
growth (-1.7cm) during the first growing season.
EKOgrownTM seedlings on the Dearman site had the greatest overall height growth
during the first growing season (4.4cm) and were taller than all other treatments. Bareroot
seedlings on the Dearman site (-1.7cm), conventional containerized seedlings on the
Dearman site (-1.1cm), conventional containerized seedlings on the Batson site (-3.8cm),
and EKOgrownTM seedlings on the Batson site (-2.7cm) were all similar. Bareroot
seedlings on the Batson site exhibited the least amount of height growth during the first
growing season, but were not different from conventional containerized seedlings on the
Batson site (-6.2cm and -3.8cm, respectively).
During the second growing season, conventional containerized seedlings on the
Dearman site had the greatest height growth (3.7cm), but were not different from bareroot
seedlings on the Dearman site (2.4cm) or conventional containerized seedlings on the
Batson site (-0.8cm) (Table 4.18). EKOgrownTM seedlings on the Dearman site and
EKOgrownTM seedlings on the Batson site both exhibited negative height growth (-3.9cm
and -3.8cm, respectively), but were not different from the bareroot seedlings on Batson site
or the conventional containerized seedlings on Batson site (-1.6cm and -0.8cm,
respectively).
Overall, conventional containerized seedlings on the Dearman site had the greatest
amount of height growth (2.9cm), but were not different from bareroot seedlings on the
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Dearman site or EKOgrownTM seedlings on the Dearman site (0.7cm and 0.4cm,
respectively) (Table 4.18). Bareroot seedlings on the Batson site exhibited the overall worst
amount of negative height growth (-7.8cm), but were not different from EKOgrownTM
seedlings on the Batson site or conventional containerized seedlings on the Batson site
(-7.6cm and -4.6cm, respectively). Batson site treatments all exhibited negative height
growth over the two growing seasons, whereas Dearman site treatments all exhibited
positive height growth. Referring back to Table 4.2, the Batson site received more rainfall
during the first growing season in comparison to the Dearman site. However, the weed
control applications did not control herbaceous competition present on the Batson site
(predominantly grasses) as well as on the Dearman site (predominantly woody). During
the first year of hardwood seedling establishment, competition control is vital for both
survival and growth performance as well (Ezell and Catchot 1998).

Table 4.18 Average height growth by planting stock and site per growing season and
overall. (Both species)*
Growing season
Planting stock/Site
2017
2018
Overall**
--------------Centimeters--------------Bareroot Dearman Site
-1.7
2.4
0.7
Bareroot Batson Site
-6.2
-1.6
-7.8
Conv. Containerized Dearman Site
-1.1
3.7
2.9
Conv. Containerized Batson Site
-3.8
-0.8
-4.6
EKOgrownTM Dearman Site
4.4
-3.9
0.4
EKOgrownTM Batson Site
-2.7
-3.8
-7.6
*Averages include any dieback that may have occurred.
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
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Height growth variation by species and site interaction
ANOVA for height growth revealed significant differences between species and
site during the first growing season (F = 5.54, p = 0.0186), the second growing season (F
= 10.59, p = 0.0011), and overall (F = 21.57, p <.0001) (Table 4.13). This analysis revealed
that both species and site contributed to significant differences. MCP analysis was used to
determine which interactions were significant, where appropriate.
Height growth during the first growing season was greater for cherrybark oak
seedlings planted on the Dearman site (3.2cm) compared to all other treatment
combinations (Table 4.19). No difference in height growth was observed between Batson
site cherrybark oak seedlings (-2.5cm) and Dearman site willow oak seedlings (-2.2cm).
Willow oak seedlings planted on the Batson site exhibited the least amount of height
growth (-6.0cm) compared to all other treatments on both sites.
Height growth during the second growing season was greater for cherrybark oak
seedlings planted on the Dearman site (3.7cm) compared to all other treatment
combinations (Table 4.19). No meaningful difference in height growth was observed
between Batson site cherrybark oak seedlings (-2.2cm), Dearman site willow oak seedlings
(-2.1cm) or Batson site willow oak seedlings (-2.0cm).
Overall, height growth was greater for cherrybark oak seedlings on the Dearman
site (7.0cm) compared with all other species/site combinations (Table 4.19). Height growth
of cherrybark oak seedlings on the Batson site and willow oak seedlings on the Dearman
site was not different (-5.2cm and -4.2cm, respectively). Willow oak seedlings on the
Batson site exhibited considerably lower height growth (-8.2cm) compared to every other
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species/site combination with the exception of cherrybark oak seedlings on the Batson site
(-5.2cm).

Table 4.19 Average height growth by species and site per growing season and
overall. (All planting stocks)*
Growing Season
Species/Site
2017
2018
Overall**
------------------Centimeters----------------Cherrybark oak Dearman Site
3.2
3.7
7.0
Cherrybark oak Batson Site
-2.5
-2.2
-5.2
Willow oak Dearman Site
-2.2
-2.1
-4.2
Willow oak Batson Site
-6.0
-2.0
-8.2
*Averages include any dieback that may have occurred.
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
Height growth variation by treatment and site interaction
ANOVA for height growth revealed significant differences among species, planting
stock, and site variables during the first growing season (F = 6.92, p = 0.0010), the second
growing season (F = 4.61, p = 0.01), and overall (F = 11.43, p <.0001) (Table 4.13). This
analysis revealed that both treatment and site contributed to significant differences. MCP
analysis was used to determine which interactions were significant where appropriate.
Bareroot willow oak seedlings on the Batson site, bareroot willow oak seedlings
on the Dearman site, and conventional containerized willow oak seedlings on the Batson
site all exhibited similarly lower first growing season height growth (-9.6cm, -6.0cm, and
-6.2cm, respectively) compared to all other treatments on both sites (Table 4.20).
EKOgrownTM cherrybark oak seedlings on the Dearman site had the greatest average
height growth (8.1cm) during the first growing season, followed by bareroot cherrybark
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oak seedlings on the Dearman site (2.4cm) and EKOgrownTM willow oak seedlings on the
Dearman site (0.6cm).
EKOgrownTM cherrybark oak seedlings on the Dearman site exhibited greater
height growth (8.1cm) when compared to all other treatments/site combinations (Table
4.20). Bareroot cherrybark seedlings on the Dearman site exhibited the second greatest
height growth (2.4cm), but were not different from conventional containerized cherrybark
oak seedlings on the Dearman site (-0.7cm), conventional containerized cherrybark oak
seedlings on the Batson site (-1.4cm), conventional containerized willow oak seedlings on
the Dearman site (-1.5cm), EKOgrownTM willow oak seedlings on the Dearman site
(-0.6cm), or EKOgrownTM willow oak seedlings on the Batson site (-2.2cm). Bareroot
cherrybark oak seedlings on the Batson site exhibited intermediate height growth (-2.8cm),
which was not different from EKOgrownTM cherrybark oak seedlings on the Batson site
(-3.3cm). Bareroot willow oak seedlings on the Batson site exhibited the least height
growth (-9.6cm), which was not different from bareroot willow oak seedlings on the
Dearman site or the conventional containerized willow oak seedlings on the Batson site
(-6.0cm and -6.2cm, respectively).
During the second growing season, cherrybark oak seedlings exhibited no
differences with the exception of EKOgrownTM seedlings located on the Batson site (Table
4.20). These EKOgrownTM seedlings exhibited less height growth due to severe dieback.
Willow oak seedlings exhibited no differences with the exception of EKOgrownTM
seedlings located on both sites. These EKOgrownTM seedlings exhibited less height growth
due to severe dieback as well.
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Bareroot, conventional containerized, and EKOgrownTM cherrybark oak seedlings
on the Dearman site exhibited the overall best height growth over both growing seasons
(Table 4.20). All other treatments exhibited negative overall height growth after two
growing seasons. Overall, willow oak seedlings possessed less height growth compared to
cherrybark seedlings. Conventional containerized willow oak seedlings on the Dearman
site were the only seedlings to exhibit positive height growth after two growing seasons.

Table 4.20 Average height growth by treatment and site per growing season and
overall.*

Willow oak

Cherrybark oak

Growing Season
Species Planting Stock/Site
2017
2018
Overall**
-------------Centimeters----------Bareroot Dearman Site
2.4
3.1
5.6
Bareroot Batson Site
-2.8
-0.9
-3.9
Conv. Containerized Dearman Site
-0.7
6.3
5.6
Conv. Containerized Batson Site
-1.4
-1.1
-2.7
EKOgrownTM Dearman Site
8.1
1.6
9.8
TM
EKOgrown Batson Site
-3.3
-4.5
-9.0
Bareroot Dearman Site
-6.0
1.7
-4.2
Bareroot Batson Site
-9.6
-2.2
-11.8
Conv. Containerized Dearman Site
-1.5
1.1
0.2
Conv. Containerized Batson Site
-6.2
-0.6
-6.5
EKOgrownTM Dearman Site
0.6
-9.4
-8.9
TM
EKOgrown Batson Site
-2.2
-3.1
-6.2
*Averages include any dieback that may have occurred.
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
Height growth comparison discussion
First year height growth was unexpectedly low for both species utilized in this study
(Table 4.16). Negative overall height growth was documented for all treatments except
EKOgrownTM seedlings on the Dearman site (4.4cm) due to significant dieback occurring
59

during the first growing season (Table 4.18). Bareroot and conventional containerized
seedlings on the Dearman site exhibited positive height growth during the second growing
season. EKOgrownTM seedlings exhibited dieback during the second growing season, thus
resulting in negative height growth. Overall, all three planting stocks exhibited negative
height growth due to substantial dieback occurring during the first or second growing
seasons.
Observing greater first year height growth of EKOgrownTM seedlings compared to
bareroot and conventional containerized seedlings is comparable to findings reported in
similar studies (Alkire 2011, Shaw et al. 2003). EKOgrownTM seedlings have an initial root
system with greater surface area at planting, which allows for greater initial height growth
during the first growing season compared to bareroot seedlings (especially cherrybark oak
seedlings) that typically establish root systems before partitioning nutrients aboveground
for shoot growth.
During the second growing season, both bareroot and conventional containerized
seedlings exhibited negative height growth due to dieback, though not as severe as during
the first growing season. EKOgrownTM seedlings on both sites displayed the poorest overall
height growth (-3.8cm and -3.9cm, respectively). EKOgrownTM planting stock exhibited
significant dieback throughout the course of the second growing season, resulting in
negative height growth during the second growing season. These results are similar to a
study conducted by Hall (2017), who reported bareroot seedlings exhibited higher average
height growth compared to EKOgrownTM seedlings during the second growing season.
These results are also similar to a number of earlier studies (Conrad 2013, Dowdy 2015,
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Reeves 2016) which collectively reported that EKOgrownTM seedlings might be able to
endure competition better during the first growing season compared to bareroot and
conventional containerized planting stocks. However, less height growth compared to other
planting stocks should not be unexpected during the second growing season.
In a comparison of height growth between sites, the greatest height growth (less
dieback) was observed at the Dearman site throughout the course of this study (Table 4.16).
These results may have occurred due to a combination of factors. The Batson site
potentially had a significantly higher amount of dieback in comparison to the Dearman site.
If, in fact, these seedlings did dieback more significantly on the Batson site, it may have
been due to more intense root competition. The seedlings may not have been able to handle
their aboveground foliage demands and suffered from significant dieback. The Batson site
had harsher root competition consisting of sod forming grasses that formed a dense solid
cover across the entire study site. These grasses were not controlled by the HWC
application used in this study. The Dearman site had competition that consisted of 50%
woody and 50% grass in patches across the study site. This competition was controlled
sufficiently by the HWC application used in the study, which may have played a huge role
in height growth differences observed between study sites. These findings are similar to a
study conducted by Hook (1969) that observed the influence of soil type and drainage on
growth of planted swamp chestnut oak (Quercus michauxii Nutt.). This study observed
height growth of two-year old swamp chestnut oak seedlings in five soil types (Lakeland
Fine Sand, Wagram loam course sand, Meggett clay loam, Dunbar sandy loam, and
Meggett silt loam). First-year height growth appeared to be affected by pot drainage and
soil type, although differences were insignificant. Seedlings that grew in well-drained pots
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displayed superior height growth when compared to seedlings grown in poorly drained
pots. Second-year and total height growth was not significantly affected by pot drainage,
but soil type did show a definite relationship (Hook 1969). Similar to this study, height
growth was superior on the Dearman site that had well drained (sandy loam) soil. Based
on the observations mentioned above and survival data information, height growth being
superior on the Dearman site was expected and consistent with the findings detected
throughout this study.
Cherrybark oak seedlings maintained greater height growth during this two-year
study compared to willow oak seedlings (Table 4.14). Willow oak seedlings suffered major
dieback during the first and second growing seasons. Cherrybark oak seedlings exhibited
dieback also, but not at the same magnitude as that observed for willow oak seedlings.
GLD growth comparison
Analysis of variance
ANOVA was utilized to determine if effects of site, species, and planting stock
were statistically significant for average GLD growth- hereafter referred to as GLD
growth (Table 4.21). The effects of species, planting stock, site, species/planting stock
interaction, species/site interaction, and species/planting stock/site interaction were all
statistically significant for GLD growth at some point throughout the duration of the
study. ANOVA testing is limited to reporting significance among groups and further
testing is required to determine significance within groups, therefore a Tukey-Kramer
multiple comparisons procedure (MCP) was performed, where appropriate. Results from
ANOVA analysis for each main effect or interaction are explained subsequently under
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the corresponding heading. Because all interactions of main factors were significant for
GLD growth, Tukey-Kramer comparisons were not appropriate, but treatment means did
show notable trends.

Table 4.21 ANOVA results for average groundline diameter growth by year and
overall.
Growing Season
2018
P>F
F
P>F
<.0001 18.05
<.0001
<.0001 15.04
<.0001
0.0439 79.38
<.0001
<.0001
3.29
0.0374
0.3009
4.78
0.0085
<.0001
1.94
0.1643
<.0001
5.78
0.0031

2017
Source
(A)Species
(B) Stock
(C) Site
A*B
B*C
A*C
A*B*C

DF
1
2
1
2
2
1
2

F
87.71
712.89
4.07
61.86
1.20
84.34
71.47

Overall
F
P>F
99.03
<.0001
428.24
0.1901
82.51
<.0001
40.31
0.1981
6.89
0.8110
48.33
<.0001
59.53
<.0001

GLD growth variation between species
ANOVA revealed an effect of species on GLD growth during the first growing
season (F = 87.71, p = <0.0001), the second growing season (F = 18.05, p <.0001), and
overall (F = 99.03, p <.0001) (Table 4.21).
GLD growth differed between cherrybark and willow oak seedlings during the first
growing season (CBO= 1.1mm, WIO= 1.6mm) (Table 4.22). While only a 0.5 mm
difference, willow oak seedlings exhibited greater GLD growth when compared to
cherrybark oak seedlings. GLD growth also differed between cherrybark and willow oak
seedlings during the second growing season (CBO= 0.4mm, WIO= 0.8mm). Overall, GLD
growth differed between both species (CBO= 1.6mm, WIO= 2.5mm). Willow oak
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seedlings averaged approximately 1.0 mm of GLD growth more than cherrybark oak
seedlings over the duration of this study.

Table 4.22 Average groundline diameter growth by species, growing season, and
overall. (Both sites and all planting stocks)
Growing Season
Species

2017
2018
Overall*
--------------Millimeters------------

Cherrybark oak
1.1
0.4
1.6
Willow oak
1.6
0.8
2.5
* Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
GLD growth variation among planting stocks
ANOVA of GLD growth revealed an effect of planting stock during the first
growing season (F = 712.89, p <0.0001), the second growing season (F = 15.04,
p <.0001), but not overall (F = 428.24, p =0.1901) (Table 4.21).
EKOgrownTM seedling GLD growth was greater than that of bareroot or
conventional containerized seedlings during the first growing season (3.1mm, 0.7mm, and
0.4mm, respectively) and overall (3.9mm, 1.5mm, and 0.8mm, respectively) when both
sites and species were considered (Table 4.23). During the second growing season,
EKOgrownTM seedling GLD growth exhibited the highest value (0.8mm) of all planting
stocks, but was not meaningfully greater than that of bareroot seedlings (0.7mm).
Conventional containerized GLD growth was less than all other planting stocks (0.3mm).
Overall, EKOgrownTM seedling GLD growth (3.9mm) was substantially greater than that
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of bareroot or conventional containerized seedlings. Bareroot seedlings had intermediate
GLD growth (1.5mm) and were different from other planting stocks. Conventional
containerized seedlings exhibited the least amount of GLD growth overall (0.8mm) and
were different from other planting stocks.

Table 4.23 Average groundline diameter growth by planting stock, growing season, and
overall. (Both sites and both species)
Growing Season
Planting Stock
2017
2018
Overall*
-------------------Millimeters----------Bareroot
0.7
0.7
1.5
Conventional containerized
0.4
0.3
0.8
EKOgrownTM
3.1
0.8
3.9
*Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
GLD growth variation between sites
ANOVA of GLD growth revealed a significant effect of site during the first
growing season (F = 4.07, p = 0.0439), the second growing season (F = 79.38, p <.0001),
and overall (F = 82.51, p< .0001) (Table 4.21). This analysis revealed that site contributed
to significant differences. MCP analysis was used to determine which interactions were
significant, when appropriate. While the difference was small (0.2mm), GLD growth of
seedlings planted on the Dearman site was greater than seedlings on the Batson site during
the first growing season (Dearman = 1.5mm, Batson = 1.3mm), the second growing season
(Dearman = 0.9mm, Batson = 0.3mm), and overall (Dearman = 2.5mm, Batson = 1.6mm)
when all planting stocks and both species were considered (Table 4.24).
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Table 4.24 Average groundline diameter growth by site, growing season, and overall.
(All planting stocks and both species)
Growing Season
Site

2017
2018
Overall*
--------------Millimeters----------Dearman Site
1.5
0.9
2.5
Batson Site
1.3
0.3
1.6
* Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
GLD growth variation by species and planting stock interaction
ANOVA of GLD growth detected significant interactions between species and
planting stocks during the first growing season (F= 61.86, p < 0.0001), the second growing
season (F = 3.29, p = 0.0374, and overall (F = 40.31, p <.0001) (Table 4.21). This analysis
revealed that both species and planting stock contributed to significant differences. MCP
analysis was used to determine which interactions were significant when appropriate.
Observed GLD growth was least in conventional containerized cherrybark oak
seedlings (0.4mm), but was not different from bareroot willow oak seedling growth
(0.7mm) or conventional containerized willow oak seedling growth (0.4mm) during the
first growing season (Table 4.25). Bareroot cherrybark oak seedlings exhibited marginally
higher GLD growth (0.7mm), but were not different from bareroot willow oak seedlings
or conventional containerized willow oak seedlings (0.7mm and 0.4mm, respectively).
EKOgrownTM willow oak seedlings exhibited greater GLD growth compared to other
treatments during the first growing season (3.8mm) while EKOgrownTM cherrybark oak
seedlings displayed intermediate GLD growth (2.3mm) during the first growing season and
were different from all other treatments.
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EKOgrownTM willow oak seedlings exhibited the highest GLD growth (1.1mm)
during the second growing season and were different from all other species/planting stock
combinations with the exception of bareroot willow oak seedlings (0.9mm) (Table 4.25).
Bareroot cherrybark oak seedlings exhibited intermediate GLD growth (0.6mm), while
conventional containerized cherrybark seedlings, EKOgrownTM cherrybark oak seedlings,
and conventional containerized willow oak seedlings all demonstrated the lowest GLD
growth during the second growing season (0.2mm, 0.5mm, and 0.4mm, respectively).
Overall, EKOgrownTM willow oak seedlings exhibited the highest GLD growth
(5.0mm) over both growing seasons and were different from all other treatments (Table
4.25). EKOgrownTM cherrybark oak seedlings displayed the second highest GLD growth
(2.9mm) and were different from all other treatments. Bareroot cherrybark seedlings
(1.3mm) and bareroot willow oak seedlings (1.6mm) both exhibited similar intermediate
GLD growth overall. Conventional containerized willow oak seedlings (0.9mm) and
conventional containerized cherrybark oak seedlings (0.6mm) had the least amount of GLD
growth when compared to all other treatments.
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Table 4.25 Average groundline diameter growth by species and planting stock per
growing season and overall. (Both sites)
Growing Season
Species/Planting Stock

2017
2018
Overall*
-------------Millimeters--------------Cherrybark oak Bareroot
0.7
0.6
1.3
Cherrybark oak Conventional Containerized 0.4
0.2
0.6
Cherrybark oak EKOgrownTM
2.3
0.5
2.9
Willow oak Bareroot
0.7
0.9
1.6
Willow oak Conventional Containerized
0.4
0.4
0.9
Willow oak EKOgrownTM
3.8
1.1
5.0
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
GLD growth variation by planting stock and site interaction
ANOVA of GLD growth revealed that significant interactions did not occur
between sites and planting stocks during the first growing season (F = 1.20, p =0.3009),
but did occur during the second growing season (F = 4.78, p =0.0085), and overall (F =
6.89, p = 0.0010) (Table 4.21). This analysis revealed that both planting stock and site
contributed to significant differences. MCP analysis was used to determine which
interactions were significant, when appropriate.
No substantial difference in GLD growth was detected between EKOgrownTM
seedlings on either site. These seedlings exhibited the greatest GLD growth (3.0mm and
3.1mm, respectively) during the first growing season, and were considerably larger than
all other combinations of species and planting stocks. (Table 4.26). Conventional
containerized seedlings on the Dearman site exhibited similar average GLD growth
(0.5mm) when compared to bareroot seedlings on the Batson site and bareroot seedlings
on the Dearman site (0.6mm and 0.8mm, respectively) and these were not much different.
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Conventional containerized seedlings on the Batson site exhibited the least GLD growth
(0.3mm) during the first growing season, but were not different from bareroot seedlings on
the Batson site or conventional containerized seedlings on the Dearman site (0.6mm and
0.5mm, respectively).
Differences in GLD growth were detected between EKOgrownTM seedlings on the
Batson site and Dearman site during the second growing season. EKOgrownTM seedlings
on the Dearman site exhibited the second greatest GLD growth (1.1mm), but were not
different from bareroot seedlings on the Dearman site (1.2mm), which demonstrated the
greatest GLD growth during the second growing season (Table 4.26). Bareroot seedlings
on the Batson site, conventional containerized on the Dearman site, conventional
containerized on the Batson site, and EKOgrownTM seedlings on the Batson site (0.2mm,
0.5mm, 0.1mm, and 0.5mm, respectively) were all similar, thus not exhibiting any
differences between these treatments.
Overall, EKOgrownTM seedlings on the Dearman site exhibited the greatest GLD
growth (4.3mm) and were different from all other treatments (Table 4.26). EKOgrownTM
seedlings on the Batson site exhibited the second greatest GLD growth (3.6mm) and were
different from all other treatments. Bareroot seedlings on the Dearman site exhibited the
third greatest GLD growth (2.1mm) and were different from all other treatments.
Conventional containerized seedlings on the Dearman site (1.1mm) and bareroot seedlings
on the Batson site (0.8mm) exhibited intermediate GLD growth and were not considerably
different from each other. Conventional containerized seedlings on the Batson site
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exhibited the lowest average GLD growth overall (0.4mm), and were different from all
other treatments except the bareroot seedlings on the Batson site (0.8mm).

Table 4.26

Average groundline diameter growth by planting stock and site per
growing season and overall. (Both species)

Growing season
2017
2018
Overall*
-----------------Millimeters-------------Bareroot Dearman Site
0.8
1.2
2.1
Bareroot Batson Site
0.6
0.2
0.8
Conv. Containerized Dearman Site
0.5
0.5
1.1
Conv. Containerized Batson Site
0.3
0.1
0.4
EKOgrownTM Dearman Site
3.1
1.1
4.3
TM
EKOgrown Batson Site
3.0
0.5
3.6
* Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
Planting stock/Site

GLD growth variation by species and site interaction
ANOVA of GLD growth revealed significant interactions between species and site
during the first growing season (F = 84.34, p < 0.001), and overall (F =48.33, p <.0001)
but not during second growing season (F = 1.94, p = 0.1643) (Table 4.21). MCP analysis
was used to determine which interactions were significant, where appropriate. This analysis
revealed that both species and site contributed to significant differences.
No noteworthy difference in GLD growth of seedlings at the Dearman site (CBO
= 1.5mm, WIO = 1.5mm) was detected during the first growing season (Table 4.27).
However, GLD growth at the Batson site was considerably different between species
(CBO = 0.8mm, WIO = 1.8mm) and also from growth of both species at the Dearman
site during the first growing season.
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Willow oak seedlings on the Batson site exhibited greater GLD growth (1.8mm)
when compared to the other species/site combinations in this study during the first
growing season (Table 4.27). Cherrybark seedlings on the Dearman site and willow oak
seedlings on the Dearman site exhibited intermediate GLD growth (1.5mm and 1.5mm,
respectively) and were not different from one another. Cherrybark oak seedlings on the
Batson site exhibited considerably less GLD growth (0.8mm) compared to the other
species/site combinations.
No noteworthy differences in GLD growth of seedlings on the Dearman site
(CBO=0.8mm, WIO=1.1mm) were detected during the second growing season (Table
4.27). However, GLD growth at the Batson site was different between species (CBO=
0.1mm, WIO= 0.5) and from growth of both species at the Dearman site during the
second growing season.
Willow oak seedlings on the Dearman site exhibited the highest GLD growth
(1.1mm) during the second growing season, but were not different from cherrybark
seedlings on the Dearman site (0.8mm) (Table 4.27). Willow oak seedlings on the Batson
site exhibited intermediate GLD growth (0.5mm) and were different from all other
species/site combinations. Cherrybark oak seedlings on the Batson site exhibited
considerably less GLD growth (0.1mm) compared to other species/site combinations.
Overall, willow oak seedlings on the Dearman site exhibited the highest GLD
growth (2.7mm), which was similar to cherrybark oak seedlings on the Dearman site and
willow oak seedlings on the Batson site (2.3mm and 2.3mm, respectively) (Table 4.27).
Cherrybark oak seedlings on the Batson site demonstrated the least amount of GLD
growth overall (0.9mm) and were different from all other species/site comparisons.
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Table 4.27 Average groundline diameter growth by species and site per growing
season and overall. (All planting stocks)
Growing Season
Species/Site
2017
2018
Overall*
------------------Millimeters----------------Cherrybark oak Dearman Site
1.5
0.8
2.3
Cherrybark oak Batson Site
0.8
0.1
0.9
Willow oak Dearman Site
1.5
1.1
2.7
Willow oak Batson Site
1.8
0.5
2.3
** Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
GLD growth variation by treatment and site interaction
ANOVA of GLD growth detected significant interactions among species, planting
stock, and site variables during the first growing season (F = 71.47, p <.0001), the second
growing season (F = 5.78, p = 0.0031), and overall (F = 59.53, p <.0001) (Table 4.21).
This analysis revealed that both treatment and site contributed to significant differences.
MCP analysis was used to determine which interactions were significant where
appropriate.
EKOgrownTM willow oak seedlings on the Batson site exhibited greater GLD
growth (4.6mm) during the first growing season when compared to all other treatments
on both sites (Table 4.28). EKOgrownTM cherrybark oak seedlings on the Dearman site
and EKOgrownTM willow oak seedlings on the Dearman site both exhibited the second
highest GLD growth (3.1mm) and were not different. EKOgrownTM cherrybark oak
seedlings on the Batson site exhibited intermediate GLD growth (1.5mm), which was
different from all other treatments. Bareroot cherrybark oak seedlings on the Dearman
site (0.8mm), bareroot cherrybark oak seedlings on the Batson site (0.6mm), conventional
containerized cherrybark oak seedlings on the Dearman site (0.4mm), bareroot willow
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oak seedlings on the Dearman site (0.8mm), bareroot willow oak seedlings on the Batson
site (0.5mm), conventional containerized willow oak seedlings on the Dearman site
(0.6mm), and conventional containerized willow oak seedlings on the Batson site
(0.3mm) were all similar and not considerably different from one another. Conventional
containerized cherrybark oak seedlings on the Batson site exhibited the least amount of
GLD growth (0.3mm). This treatment was not different from bareroot cherrybark oak
seedlings on the Batson site (0.6mm), cherrybark oak conventional containerized
seedlings on the Dearman site (0.4mm), bareroot willow oak seedlings on the Batson site
(0.5mm), conventional containerized willow oak seedlings on the Dearman site (0.6mm),
or conventional containerized willow oak seedlings on the Batson site (0.3mm).
Bareroot and EKOgrownTM cherrybark oak seedlings on the Dearman site had the
best GLD growth (1.0mm) during the second growing season (Table 4.28). All treatments
exhibited growth, but bareroot, conventional containerized, and EKOgrownTM cherrybark
oak seedlings on the Batson site had very little growth (<0.1mm). Bareroot and
EKOgrownTM willow oak seedlings on the Dearman site and EKOgrownTM seedlings on
the Batson site exhibited the greatest GLD growth for the second growing season. All
treatments exhibited positive GLD growth. Dearman site GLD growth results were better
overall compared to the Batson site regardless of species.
Overall, EKOgrownTM cherrybark oak seedlings on the Dearman site exhibited
the best GLD growth (4.2mm) over two growing seasons (Table 4.28). Bareroot and
conventional containerized seedlings on the Batson site and conventional containerized
seedlings on the Dearman site all exhibited less than 1.0mm GLD growth. EKOgrownTM
willow oak seedlings on the Batson site exhibited the best overall GLD growth (5.6mm),
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followed by EKOgrownTM and bareroot willow oak seedlings on the Dearman site
(4.2mm and 1.9mm, respectively). Neither bareroot nor conventional containerized
willow oak seedlings on the Batson site differed and both exhibited very little growth
(<0.1mm).
Table 4.28 Average groundline diameter growth by treatment and site per
growing season and overall.
Growing Season
Species

Planting Stock/Site

Willow oak

Cherrybark oak

2017
2018
Overall*
-----------Millimeters---------Bareroot Dearman Site
0.8
1.0
1.9
Bareroot Batson Site
0.6
0.1
0.7
Conv. Containerized Dearman Site
0.4
0.4
0.9
Conv. Containerized Batson Site
0.3
0.1
0.4
TM
EKOgrown Dearman Site
3.1
1.0
4.2
EKOgrownTM Batson Site
1.5
0.1
1.6
Bareroot Dearman Site
0.8
1.4
2.3
Bareroot Batson Site
0.5
0.3
0.9
Conv. Containerized Dearman Site
0.6
0.7
1.4
Conv. Containerized Batson Site
0.3
0.1
0.4
EKOgrownTM Dearman Site
3.1
1.2
4.3
TM
EKOgrown Batson Site
4.6
1.1
5.6
*Overall results may slightly differ from sum of both growing seasons due to additive
mortality.
GLD growth comparison discussion
Variation in GLD growth can be attributed to establishment of sufficient root
systems during the first growing season, receiving adequate HWC applications, and a
difference in competitive potential of vegetation on site. EKOgrownTM seedlings’ larger
root surface may have benefited these seedlings, especially during the first growing
season. These factors likely allowed EKOgrownTM willow oak seedlings to achieve
greater GLD growth.
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GLD growth was different between the species (cherrybark and willow oak)
utilized in this study over both growing seasons. Willow oak seedlings exhibited greater
GLD growth during the first growing season, second growing season, and overall (Table
4.22).
Oak seedlings, especially cherrybark, allocate a majority of their carbohydrates
below ground for root establishment before prioritizing for shoot growth (Friend et al
1994, Johnson et al. 2009). This ensures root systems are large enough to supply nutrients
for stem growth (Johnson et al. 2009). Bareroot seedlings have less absorptive surface
area on their roots compared to EKOgrownTM seedlings, and need extended time to
develop more extensive root systems capable of supporting shoot growth. A study by
Jacobs et al. (2006) found EKOgrownTM seedlings exhibited greater first year GLD
growth compared to bareroot seedlings. A similar trend was observed in this study with
EKOgrownTM seedlings exhibiting the greatest GLD growth over the duration of this
project (Table 4.23). This variation in GLD growth between treatments can likely be
attributed to ongoing establishment of root systems (especially bareroot planting stock)
and differences in competitive potential of vegetation on site.
In comparison of GLD growth between sites, greatest GLD growth was observed
on the Dearman site during the first growing season, second growing season, and overall
(Table 4.24). These results may have occurred due to a combination of multiple factors. A
few potential reasons could be higher sand content, lower precipitation during first growing
season, lower water holding capacity, less nutrient content, and less root competition on
the Dearman site compared to the Batson site. This would aid in explaining the carbon
allocation patterns of seedlings on the Dearman site, which focused more on belowground
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root biomass, which is highly correlated with GLD growth (Friend et al. 1994). Having
less readily available nutrients and water present in the upper region of the soil profile
potentially initiated these seedlings to allocate more carbon belowground (root biomass) to
exploit more soil area for water/nutrients instead of allotting carbon aboveground (shoot
growth). These findings are similar to a study conducted by Hook (1969) that observed
growth performance of planted swamp chestnut seedlings. This study observed root
development of these seedlings planted in five different soil types and contrasting drainage
classes. Root systems of the seedlings planted in the fine/coarse sand pots allocated more
carbon belowground for root biomass due to the lower water holding capacity of the soil.
In comparison with the fine/coarse sandy soil on the Dearman site, root systems were
potentially longer and less fibrous, whereas on the Batson site, root systems were
potentially shorter and more fibrous in the heavier loam/silt soil. Consequently, on the
Batson site, nutrients and water were potentially more readily available in the upper portion
of the soil profile. Based on these observations and survival data, GLD growth being better
on the Dearman site was expected and consistent with the findings detected throughout this
study.
Leaf physiology versus height and GLD growth data
Average seasonal rates for photosynthesis, transpiration, and WUE versus first
growing season, second growing season, and overall average height growth on both the
Dearman and Batson sites across all treatments showed no relationships and the slopes
were not significantly different from zero (p=0.0970-0.9682; data not shown). However,
when comparing first year average GLD growth with average photosynthetic rate,
transpiration rate, and WUE, particularly on the Dearman site, positive and negative
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relationships occurred and slopes were all significantly different from zero. In the
relationship between seasonal photosynthetic rate and first year GLD growth, the Dearman
site had an r2 of 0.3085 (p=0.0004, y=0.6427x-2.1459) and the Batson site had an r2 of
0.2156 (p=0.0043, y=0.6449x-2.2045). In terms of transpiration versus GLD growth, a
negative relationship was observed at both sites. In the relationship between transpiration
and first year GLD growth, the Dearman site had an r2 of 0.1291(p=0.0314, y=0.9195x+5.4914) and the Batson site had an r2 of 0.1579 (p=0.0578, y=-1.0735x+5.6628).
In terms of WUE versus GLD growth, positive relationships were observed at both sites.
In the relationship between WUE and first year GLD growth, the Dearman site had an r 2
of 0.4125(p= <0.0001, y=1.7836x-1.4852) and the Batson site had an r2 of 0.1342
(p=.0280, y=1.2812x-0.7877). Across all variables, the Batson site exhibited the same
general trend observed at the Dearman site when examining relationships of average
photosynthetic rate, transpiration rate, and WUE versus first year average GLD growth,
though the relationships were not as strong as on the Dearman site.
Average seasonal photosynthetic rate, transpiration rate, and WUE measured in the
first growing season versus second growing season average GLD growth on both the
Dearman and Batson sites revealed only two significant relationships. At the Dearman site,
no physiological parameters were significantly correlated with second year average GLD
growth (p=0.4368-0.9680). Comparing second year average GLD growth for the Batson
site versus first year seasonal transpiration rate, a relatively weak negative relationship was
revealed (r2=0.1342) with a slope significantly different from zero (p=0.0160,
y= -1.5704x+6.5678). Second year average GLD growth versus average seasonal WUE on
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the Batson site displayed a positive relationship (r2=0.3013) with a slope significantly
different from zero (p=0.0005, y=1.6935x-2.524).
When comparing overall average GLD growth versus average seasonal
photosynthetic rate, transpiration rate, and WUE measured in the first growing season, a
consistent trend was observed. In the relationship between first year seasonal
photosynthetic rate and overall GLD growth, positive relationships were observed at both
sites. The Dearman site had an r2 of 0.1491 (p=0.0200, y=0.8624x-2.9697) and the Batson
site had an r2 of 0.2764 (p=0.0009, y=0.9638x-3.2692) (Figure 4.1 and Figure 4.2,
respectively). In terms of first year transpiration rates versus overall GLD growth, a
negative relationship was observed at both sites. For the relationship between transpiration
rates and overall GLD growth, the Dearman site had an r2 of 0.246 (p=0.0020,
y= -2.4501x+11.988) and Batson site had an r2 of 0.1561 (p=0.017, y= -2.3286x+11.193)
(Figure 4.3 and Figure 4.4, respectively). In terms of first year WUE versus overall GLD
growth, positive relationships were observed at both sites. In the relationship between
WUE and overall GLD growth, the Dearman site had an r2 of 0.4519 (p= <0.0001,
y=3.6032x-4.4004) and the Batson site had an r2 of 0.3855 (p=<0.0001, y=2.866x-2.9655)
(Figure 4.5 and Figure 4.6, respectively).
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Dearman

Figure 4.1

Average photosynthetic rate during the first growing season versus overall
average GLD growth on Dearman site (All species and planting stocks).

Batson

Figure 4.2

Average photosynthetic rate during the first growing season versus overall
average GLD growth on Batson site (All species and planting stocks).
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Dearman

y=-2.4501x+11.988
r2=0.2460
p= .0020

Figure 4.3

Average transpiration rate during the first growing season versus overall
average GLD growth on Dearman site (All species and planting stocks).

Batson

Figure 4.4

Average transpiration rate during the first growing season versus overall
average GLD growth on Batson site (All species and planting stocks).
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Dearman

Figure 4.5

Average WUE during the first growing season versus overall average GLD
growth on Dearman site (All species and planting stocks).

Batson

Figure 4.6

Average WUE during the first growing season versus overall average
GLD growth on Batson site (All species and planting stocks).
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Leaf physiology versus growth data discussion
Relationships reported in this study emphasize the importance of using
physiological data to better understand the circumstances underlying growth in planted
seedling studies, especially for trees with slow juvenile growth rates, such as oaks. These
data can then be used to help advance management plans for planting stocks based on
physiological assessments of water stress susceptibility or nutrient deficiencies. Likewise,
comparisons of these physiological parameters allow for more extensive comparisons
across individual studies as opposed to using biometric data alone, which may be more
demonstrative of specific site and/or weather conditions experienced throughout the
duration of the study (Renninger et al. 2018).
Relationships reported in this particular study indicate that photosynthetic rate,
transpiration rate, and WUE may be a poor indicator of height growth during the first
year, second year, and overall. No relationships were found and slopes were not
significantly different from zero when comparing first year, second year, and overall
height growth to the above mentioned physiological parameters. Dougherty et al. (1979),
when conducting a study on mature white oak (Q. alba L.), reported resources were first
allocated to root growth, then cambial stem growth, then leaf, flower, and branch growth.
This pattern of resource allocation would aid in explaining the weak/insignificant
correlation observed between first growing season average photosynthetic rate,
transpiration rate, and WUE to the first year, second year, and overall height growth.
Height growth being at a lower position on an oak seedling’s biological list coupled with
the significant amount of dieback that occurred to the seedlings throughout the duration
of this study could aid in explaining the weak insignificant correlations that were
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observed (Renninger et al. 2018). Hall (2017) conducted a similar study on Shumard oak
(Quercus shumardii Buckl.) and Nuttall oak (Quercus texana Buckl.) and found results
contradictory to this study. He concluded that first growing season photosynthetic rate
was a good predictor of height growth during the second growing season and overall.
Greater height growth was observed during the second year of Hall’s (2017) study, thus
resulting in the positive correlation displayed between photosynthetic rate and height
growth. Other studies focusing on artificial oak regeneration by Conrad (2013), Dowdy
(2015), Reeves (2016), and Durbin (2018) have specified that limited growth of some
planting stocks can likely be explained by the previously mentioned allocation of
resources to root development over shoot growth, especially during the first or second
growing season.
However, first growing season photosynthetic rate was a good predictor of overall
GLD growth on both sites. Individuals with higher photosynthetic rates were able to
allocate more carbon belowground for root biomass, which is positively correlated with
GLD growth (Guan and Cheng 2001). By comparison, individuals with lower
photosynthetic rates were not able to allocate as much carbon belowground, therefore
exhibiting a smaller amount of GLD growth. Hall (2017) reported results that were
similar to this study for GLD growth. He concluded that first growing season
photosynthetic rate was a good predictor of GLD growth during the second growing
season and overall. Other studies indicate there is a positive relationship between root
biomass and GLD growth. Dey and Parker (1997), when investigating underplanted red
oak in Canada, reported that second year stem diameter was highly correlated with root
characteristics. GLD was found to be the best indicator of sapling structural root size in a
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study conducted by Guan and Cheng (2001) when investigating Taiwan yellow false
cypress (Chamaecyparis obtuse formosana Rehder.).
Significant negative relationships were observed on both sites when comparing
first growing season average transpiration rate with overall GLD growth. Seedlings that
transpired at a higher rate and were potentially more wasteful with water had less GLD
growth. Those seedlings were simply not able to photosynthesize adequately enough to
compensate for the amount of water lost during transpiration. Seedlings that were more
efficient with water use and had lower seasonal transpiration rates tended to have higher
overall GLD growth. Those seedlings were able to photosynthesize adequately and
partition carbon belowground for root biomass, which is highly correlated with GLD
growth. In terms of WUE versus overall GLD growth, positive relationships were
observed at both sites. This ratio is highly influenced by transpiration and photosynthetic
rates meaning the seedlings at a given photosynthetic rate that had higher transpiration
rates will be less efficient in water use and seedlings with lower transpiration rates will be
more water use efficient. Average seasonal WUE was positively correlated with overall
GLD growth suggesting that individuals with greater WUE allocated more carbon
belowground as opposed to aboveground carbon pools. This highlights the importance of
belowground allocation during the initial establishment phase for oaks, as well as the role
that water stress tolerance and use plays in growth and carbon allocation.
Seasonal leaf physiology comparison (All species, stocks, and sites)
When comparing seasonal average diurnal photosynthetic rates during the month
of May, no treatments displayed significant differences (Figure 4.7). During the month of
June, EKOgrownTM willow oak seedlings and conventional containerized willow oak
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seedlings exhibited the overall highest photosynthetic rates, but were not significantly
different from EKOgrownTM cherrybark oak seedlings or conventional containerized
cherrybark oak seedlings. Both bareroot cherrybark oak and willow oak seedlings exhibited
significantly lower photosynthetic rates compared to all other treatments. During the month
of July, EKOgrownTM willow oak seedlings exhibited the overall highest average
photosynthetic rate, but were not significantly different from any other treatments except
for the bareroot willow oak seedlings. Throughout the month of August, both
EKOgrownTM willow oak and EKOgrownTM cherrybark oak seedlings exhibited the overall
highest photosynthetic rates. EKOgrownTM willow oak seedlings were significantly
different from all other treatments except EKOgrownTM cherrybark oak seedlings.
EKOgrownTM cherrybark oak seedlings were significantly different from all other
treatments except conventional containerized cherrybark oak seedlings and bareroot
willow oak seedlings. During the month of September, EKOgrownTM willow oak seedlings
and EKOgrownTM cherrybark oak seedlings exhibited the highest overall photosynthetic
rates, but were not significantly different from any other treatment with the exception of
bareroot cherrybark oak seedlings. A trend was observed when examining seasonal
photosynthetic rates as the EKOgrownTM cherrybark and willow oak seedlings exhibited
the highest photosynthetic rates throughout the growing season with the exception of June.
When comparing all stock types across both research sites, EKOgrownTM planting stock
exhibited the highest overall average seasonal photosynthetic rate. EKOgrownTM willow
oak seedlings exhibited the highest overall average rate when comparing among
treatments. EKOgrownTM cherrybark oak seedlings had the second highest overall
photosynthetic rate. Therefore, on a per area leaf basis, it can be concluded that the
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EKOgrownTM planting stock demonstrates the highest average photosynthetic rates when
comparing all stock types in this study.

Figure 4.7

Average diurnal photosynthetic rates per month for six species-planting
stock combinations from May through September.

When comparing seasonal average diurnal transpiration rates during the month of
May, conventional containerized willow oak seedlings had the highest overall
transpiration rate, but were not significantly different from any other treatments except
bareroot willow oak seedlings and EKOgrownTM willow oak seedlings (Figure 4.8).
Throughout the month of June, conventional containerized cherrybark oak seedlings had
the highest overall transpiration rate when compared to all other treatments and were
significantly higher than EKOgrownTM willow and cherrybark oak seedlings, which
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exhibited the lowest transpiration rates. When comparing transpiration rates for the
month of July, no significant differences were observed. During the month of August,
conventional containerized cherrybark oak seedlings exhibited a significantly higher
overall transpiration rate when compared to all other treatments. Conventional
containerized willow oak seedlings had the second highest transpiration rate and were
significantly different from all other treatments. In September, conventional
containerized cherrybark oak seedlings had transpiration rates, which were significantly
higher than all other treatments. A trend was observed when examining seasonal
transpiration rates as the conventional containerized cherrybark oak seedlings exhibited
the highest transpiration rates throughout the growing season with the exception of May.
When comparing all stock types across both research sites, EKOgrownTM planting stock
exhibited the lowest overall seasonal transpiration rates per unit leaf area throughout the
growing season. EKOgrownTM willow oak exhibited the lowest overall average
transpiration rate when comparing between species. EKOgrownTM cherrybark oak
seedlings had the second lowest overall average transpiration rate. Conventional
containerized cherrybark oak seedlings exhibited the highest overall transpiration rates
per unit leaf area. As the seasonal measurements continued throughout the growing
season, transpiration rates continued to rise for conventional containerized cherrybark
oak seedlings.
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Figure 4.8

Average diurnal transpiration rates per month for six species-planting stock
combinations from May through September.

When comparing seasonal average WUE ratios during the month of May,
EKOgrownTM willow oak seedlings had the highest WUE and were significantly different
from all other planting stocks except EKOgrownTM cherrybark oak seedlings (Figure
4.9). During the month of June, EKOgrownTM willow oak seedlings had the highest WUE
and were significantly different from all other planting stocks. EKOgrownTM cherrybark
oak seedlings had the second highest WUE and were significantly different from all other
treatments with the exception of conventional containerized willow oak seedlings.
Throughout the month of July, EKOgrownTM cherrybark and willow oak seedlings
exhibited the highest WUE, but were not significantly different from conventional
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containerized willow oak seedlings. Comparing WUE for the month of August,
EKOgrownTM willow oak seedlings had the highest ratio and were significantly different
from all other planting stocks. EKOgrownTM cherrybark oak seedlings had the second
highest WUE and were significantly different from all other treatments except
conventional containerized cherrybark oak seedlings and bareroot willow oak seedlings.
During the month of September, EKOgrownTM cherrybark and willow oak seedlings had
the highest WUE ratios and were significantly different from all other treatments. All
other treatments were statistically similar in September. A trend was observed when
comparing all stock types across both research sites as EKOgrownTM planting stock
exhibited the highest WUE ratio per unit leaf area throughout the first growing season.
EKOgrownTM willow oak planting stock displayed the highest overall WUE when
comparing among treatments. EKOgrownTM cherrybark oak had the second highest
overall WUE average.

Figure 4.9

Average WUE ratios per month for six species-planting stock combinations
from May through September.
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Seasonal leaf physiology discussion
When comparing seasonal average photosynthetic rates for all species-planting
stock combinations, EKOgrownTM willow oak and EKOgrownTM cherrybark oak had the
highest and most consistent rates throughout the first growing season. This may have
been attributed to the planting stock having more root biomass and foliage initially.
Additional roots may have enabled these seedlings to exploit more soil area and have
increased access to available nutrients on site. Another potential reason EKOgrownTM
planting stock exhibited higher photosynthetic rates may have been from this planting
stock acquiring more nutrients initially while being grown at the nursery compared to
bareroot and conventional containerized stocks. Another important factor that affects
photosynthesis is light availability. EKOgrownTM planting stock was much larger in total
height at the time of planting compared to the other two planting stocks. They were taller
than the surrounding competition on both sites, thus enabling them to have more access
to sunlight, whereas bareroot and conventional containerized were not as elevated and
received less sunlight. Bareroot seedlings tended to have significantly lower
photosynthetic rates as the growing season progressed when compared to the other
planting stocks. Over the course of the entire growing season, photosynthetic rates for all
treatments not including the bareroot seedlings gradually increased with longer daylight
hours and temperature increases. During the month of September, photosynthetic rates
began to decrease to levels observed in May. Renninger et al. (2018) conducted a similar
study regarding the correlation between seasonal average photosynthetic rates versus
bareroot, conventional containerized, and EKOgrownTM planting stocks. Data resulted in
non-significant differences among all the interactions.
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In terms of comparing seasonal average transpiration rates for all species-planting
stock combinations, conventional containerized cherrybark oak seedlings had the highest
rates overall. As the first growing season progressed, conventional containerized
cherrybark oak seedlings’ transpiration rate continued to rise. Over the course of the
growing season, it becomes increasingly warmer thus resulting in a higher evaporative
demand. Based upon personal observation, conventional containerized cherrybark oak
seedlings had a significantly smaller leaf count compared to the other stocks, so on a per
area leaf basis, conventional containerized stock could afford to transpire more water per
leaf, resulting in the higher transpiration rates. EKOgrownTM planting stock had the
lowest transpiration rates observed. Renninger et al. (2018) conducted a similar study
observing average seasonal transpiration rates of bareroot, conventional containerized,
and EKOgrownTM Nuttall and Shumard oak. Results indicated that average seasonal leaf
transpiration differed significantly between species and also between EKOgrownTM
seedlings and other planting stocks. Across planting stocks, EKOgrownTM seedlings had
significantly lower transpiration rates compared with bareroot and conventional
containerized seedlings, which was also observed in this study. Across the growing
season, only transpiration rates for EKOgrownTM seedlings increased significantly while
remaining stable for bareroot and conventional containerized seedlings.
When examining average WUE ratios over the first growing season, it was
concluded the EKOgrownTM planting stock had the highest WUE ratios. This ratio is
highly influenced by photosynthetic and transpiration rates. Therefore, EKOgrownTM
planting stock had the highest photosynthetic rates coupled with the lowest transpiration
rates resulting in the highest overall WUE ratios for the first year growing season. During
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the months of June, July, and September the water use efficiency ratio for this planting
stock declined due to transpiration rate increases in comparison to May and August.
Renninger et al. (2018) conducted a similar study observing average seasonal WUEs of
bareroot, conventional containerized, and EKOgrownTM Nuttall and Shumard oak.
Results indicated that average seasonal WUE was similar between species, but was
significantly larger in EKOgrownTM versus bareroot seedlings, which is comparable to
results found in this study.
Results from this study can inform landowners about available choices of planting
stocks for oak afforestation and reforestation of bottomland sites throughout the Lower
Mississippi Alluvial Valley. Results show the EKOgrownTM planting stock having the
highest photosynthetic rates, lowest transpiration rates, and highest WUE over the first
growing season. Data suggest EKOgrownTM planting stock were physiologically the
optimal choice. EKOgrownTM seedlings also demonstrated acceptable growth and
survival over two growing seasons. However, their cost per seedling is $15.00 plus an
additional $5.00 for planting potentially making them unfeasible for large-scale
restoration compared with bareroot planting stock ($0.25 per seedling) even if seedling
planting (about $175.00 per ha at this spacing) and herbaceous weed control ($70.00 per
ha) are taken into account. Conventional containerized seedlings exhibited acceptable
height and GLD growth especially on the Dearman site, but also had a high mortality rate
on both sites. This planting stock had middle range photosynthetic rates, the highest
transpiration rates, and the lowest WUE ratios. Bareroot seedlings were the most
inexpensive option and exhibited comparable (in some aspects better) growth and low
mortality. Bareroot seedlings had mid-low photosynthetic rates, low transpiration rates,
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and exhibited some of the lowest WUE ratios. However, bareroot seedlings in
conjunction with HWC were found to be the best option for large afforestation and
reforestation projects on the Gulf Coastal Plain as they exhibited sufficient establishment.
Nevertheless, after three to four growing seasons it is to be expected that bareroot
seedlings begin putting on significant shoot growth and the correlation between
photosynthetic rate and height growth should become significantly stronger.
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CHAPTER V
CONCLUSION
Several studies have reported variable performance among different planting
stocks utilized for artificial hardwood regeneration (Johnson et al. 1984, Thompson and
Schultz 1995, McLeod 2000, Dey et al. 2006, Alkire 2011, Hollis 2011, Conrad 2013,
Dowdy 2015, Reeves 2016, Hall 2017, Durbin 2018). Site suitability of a species is one
of the most important factors when trying to regenerate hardwoods on bottomland sites.
In addition, it plays a large role in growth performance and survival of oak seedlings,
especially during the first couple of growing seasons (Hodges 1994).
In very specific instances, conventional containerized or EKOgrownTM seedlings
may provide slight advantages in overall growth and survival. However, in the majority
of artificial regeneration circumstances, bareroot seedlings should provide equal or
superior performance. Large containers may have a positive influence on growth and
survival in areas that are comprised of highly competitive vegetation, or if the planted
species is very susceptible to competition. However, without applying HWC, these
benefits of larger pots may be limited or diminished over time. Grossman et al. (2003)
stated that RPMTM (comparable to EKOgrownTM seedlings) possess several advantages
over bareroot seedlings, such as improved growth and survival, yet contradictory results
were found in this research.
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Unforeseeable factors, such as damage incurred in the nursery, have the potential
to reduce survival of a planting stock to a level that is unacceptable. However, surviving
seedlings may possess the ability to overcome early damage dependent upon the
environmental conditions it experiences on site post planting.
In this study, bareroot seedlings exhibited acceptable growth and survival and can
be considered a viable option for artificial oak regeneration in such planting settings.
Conventional containerized seedlings displayed poor performance and survival.
EKOgrownTM seedlings, while also displaying acceptable growth and survival
comparable to bareroot seedlings, will be cost prohibitive for most landowners and
therefore not an economically efficient source of regeneration. Although economics of
each planting stock were not accessed in this study, bareroot seedlings cost appreciably
less than conventional containerized and EKOgrownTM seedlings, and are therefore
considered the most cost-effective option for artificial regeneration of bottomland oaks.
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